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ABSTRACT 
In this research project I have investigated AIGaN alloys and their 
quantum structures for applications in deep UV and terahertz optoelectronic 
devices. For the deep UV emitter applications the materials and devices were 
grown by rf plasma-assisted molecular beam epitaxy on 4H-SiC, 6H-SiC and c-
plane sapphire substrates. In the growth of AIGaN /AIN multiple quantum wells 
on SiC substrates, the AIGaN wells were grown under excess Ga, far beyond 
than what is required for the growth of stoichiometric AIGaN films, which resulted 
in liquid phase epitaxy growth mode. Due to the statistical variations of the 
excess Ga on the growth front we found that this growth mode leads to films with 
lateral variations in the composition and thus, band structure potential 
fluctuations. Transmission electron microscopy shows that the wells in such 
structures are not homogeneous but have the appearance of quantum dots. We 
find by temperature dependent photoluminescence measurements that the 
multiple quantum wells with band structure potential fluctuations emit at 240 nm 
vi 
and have room temperature internal quantum efficiency as high as 68%. 
Furthermore, they were found to have a maximum net modal optical gain of 118 
cm-1 at a transparency threshold corresponding to 1.4 x 1017 cm-3 excited 
carriers. We attribute this low transparency threshold to population inversion of 
only the regions of the potential fluctuations rather than of the entire matrix. 
Some prototype deep UV emitting LED structures were also grown by the same 
method on sapphire substrates. 
Optoelectronic devices for terahertz light emission and detection, based 
on intersubband transitions in Ill-nitride semiconductor quantum wells, were 
grown on single crystal c-plane GaN substrates. Growth conditions such the ratio 
of group Ill to active nitrogen fluxes, which determines the appropriate Ga-
coverage for atomically smooth growth without requiring growth interruptions 
were employed. Emitters designed in the quantum cascade structure were 
fabricated into mesa-structure devices and the 1-V characterization at 20 K 
indicates sequential tunneling with electroluminescence emission at about 10 
THz. Similarly, Far-infrared photoconductive detectors were grown by the same 
method. Photocurrent spectra centered at 23 1-1m (13 THz) are resolved up to 50 
K, with responsivity of approximately 7 mAIW. 
vii 
TABLE OF CONTENTS 
Chapter 1 INTRODUCTION AND LITERATURE REVIEW ............................. 1 
1.1 Introduction and properties of Ill-nitride material .................. ..... ... ........ 1 
1.1.1 Structural properties ........ ..................... ..... ...... ... .... ...... ... ..... .... ....... 2 
1.1.2 Optical properties ......... .................... ..... .... .... ... .. ............... ... ...... ..... 4 
1.2 Growth of Ill-nitride thin films by MBE in the liquid phase growth 
mode .. ....... .. ........ ... ... .... ..... ..... ....... .... ..... .. ... ... ... ....... .. ... ........ .. .. ... ... .. ......... .. 7 
1.2.1 Growth methods ....................................................... ... .. ............. ..... 7 
1.2.2 Growth of Ill-Nitrides by MBE in the liquid phase mode .......... .. ...... 8 
1.3 AIGaN-based ultraviolet light emitters ............................... .. ...... ......... 11 
1.4 AIGaN based intersubband devices for THz optoelectronics ........ .. .... 17 
Chapter 2 EXPERIMENTAL METHODS ....................................................... 18 
2.1 Molecular beam epitaxy ......... .......................... .. ................... .. .... ........ 18 
2.1.1 MBE system ................................................................................. 19 
2.1.2 Elemental sources .. ...... ........ .. .. .. .. ........................ .......... .. ...... .. ..... 22 
2.2 Film Characterization ...... .. ......... ................. ......... ...... ..... ............. ....... 29 
2.2.1 X-ray diffractomerter .............................. .. .............. ....... ........ ... ...... 29 
2.2.2 Photoluminescence spectroscopy .......................... .... ................... 31 
2.2.3 Cathodoluminescene ........................... .. ........................................ 32 
2.2.4 Optical transmission ............ .. .. .. ... .. ......................................... .. .. .. 33 
2.2.5 SEM and AFM ........ ... .... ........ ....... .... ... .... .... .. .. ....... .. ... .............. .... 34 
viii 
Chapter 3 GROWTH OF AIN AND AIGaN QWS ON SIC BY MBE .............. 37 
3.1 Wurtzite AIN film grown on 4H or 6H-SiC (0001) substrates ......... ..... 37 
3.1.1 The advantages of SiC substrates for AIN epitaxial growth ..... ...... 37 
3.1.2 SiC polytypes ...................................................... ... ...... .................. 38 
3.1.3 SiC substrate handling and cleaning ........... ... .. .. ........................... 38 
3.1.4 Problems during growth of AIN on SiC .......................................... 40 
3.2 Growth and Characterization of AIN film on SiC substrates by MBE .. 43 
3.3 AIGaN MOWs grown on SiC vicinal substrates .................................. 47 
Chapter 4 OPTICAL PROPERTIES OF ALGAN MQWS AND DHS ............. 51 
4.1 Design of AIGaN based structures for EBP emitters .... ........... ........... 51 
4.2 AIGaN MOWs and DHs with high IQE ............................................ .... 53 
4.3 Optical gain of AIN/AIGaN MOWs .. .... .... .. ......... .... .... ........................ . 58 
4.4 Polarization properties of optical gain in AI-rich AIGaN MOWs ......... . 69 
Chapter 5 DEVELOPMENT OF ALGAN BASED UVLED ............................. 72 
Chapter 6 AIGaN-BASED THZ EMITTERS AND DETECTORS ................... 76 
6.1 Introduction ... .................. ..... ........ .............. .............. ... ........................ 76 
6.2 GaN/AIGaN based THz emitters (QCLs) ...... .. .... ... ...... .......... .. ........ .. . 79 
6.2.1 THz Emitter design ......... .................................... ... ..... ..... ... ........... 79 
6.2.2 Growth of GaN/AIGaN structure for THz emitters .......................... 81 
6.2.3 Characterization results ............................... ........ .. ..... ..... .... ........ .. 83 
ix 
6.3 GaN/AIGaN-based THz detectors (QWIPs) .... ....... .. ... ..... ..... .... ...... .... 87 
6.3.1 THz Detector Design .. .. ............................ ..................................... 87 
6.3.2 Growth optimization of GaN/AIGaN structure for QWIP .... ............ 89 
6.3.3 Film and Device Characterization results .. .............. ... ....... .. .. ........ 94 
References ........................................................................................................ 99 
Curriculum Vitae ..................... ................................................ ........................ 107 
X 
LIST OF FIGURES 
Figure 1.1 -Stick-and-ball models of Ga- and N-polarity of wurtzite structure .. .. 3 
Figure 1.2- Band gap energies of 111-V semiconductor compounds ..... ...... ....... . 4 
Figure 1.3- Valence band structures of AIGaN near r-point (a) GaN (b) 
A10.25Gao.7sN (c) AIN (d) AI content dependence of degree of polarization P .. 5 
Figure 1.4- Overview of the maximum EQE reported for c.w. (open triangles) 
and pulsed (closed circles) operation of UV LEOs by different research 
groups ........... .. ................ ... ........ ........ ................ ... ................. .... ... ..... .. ....... 14 
Figure 1.5- Schematic of electron beam pumped edge emitter .. ... .. ........... .. ... . 15 
Figure 2.1 -Schematic view of Gen-II MBE system ... ........................ ............ .. . 21 
Figure 3.1 - AFM images of SiC substrates (a) after TCE cleaning (b) after 
piranha cleaning .... .......... ... .... ... ... ...... ... ..... ....... ..... .. .......... ...... ....... .. .. ...... . 39 
Figure 3.2- AFM images of SiC substrate surfaces (a) 4H-SiC without CMP (b) 
6H-SiC with CMP ........ .. .... ............ ... ..... .................. .. ................. .. ... ............ 40 
Figure 3.3 Schematic of SMB formed in 2H-AIN grown on 6H-SiC ... ......... ........ 41 
Figure 3.4- RHEED patterns of SiC (0001 )Si surface before and after Ga 
flushing ........ .. .... .. ...... ... ............... ................ ........ ... .. ... ........... ... .. ... ... .......... 42 
Figure 3.5 - RHEED patterns of AIN surface under N plasma after growth .. ... .. 45 
Figure 3.6- AFM surface morphology of a 0.5-I.Jm-thick AIN film grown on an on-
axis 6H-SiC substrate ........ .. ....... ..... ........ .... ....... ......... .............. ... ... ... ... ...... 45 
Figure 3.7- FESEM images of MOWs on SiC substrates with various miscuts. (a) 
on-axis, (b) 3.4° miscut and (c) 7.8° miscut .... ...... .... .................. ... ......... ... . 48 
xi 
Figure 3.8- Schematic diagram of critical thickness rC as a function of average 
terrace width L ............................................................................ ..... ............ 49 
Figure 4.1 - Normalized 10 KeV electron beam energy deposition density as a 
function of depth in various active regions ....... ... ... .... ... ...... ... ... ............. .. .... 52 
Figure 4.2- Normalized RT CL spectra of several identical AI0.7Ga0.3N/AIN 
MOWs samples grown on on-axis 6H-SiC substrates with different excess 
Ga during growth of the AI0.7Ga0.3N wells ........... ... .. ................... ... .. ........ 55 
Figure 4.3- (a) PL spectra of sample #5 AIN/ AI0.7Ga0.3N /AIN DH as a function 
of temperature; (b) Integrated PL intensity as a function of 1/T ................... 56 
Figure 4.4- (a) PL spectra of sample #1 AI0.7Ga0.3N/AIN MOW as a function of 
temperature; (b) Integrated PL intensity as a function of 1/T ....................... 57 
Figure 4.5 - Injection current density as a function of the number of OWs while 
keeping the MOW region equal to 447nm and well thickness equal to 1.5nm. 
The well material is AI0.7Ga0.3N, the barrier material is AIN ...................... 60 
Figure 4.6 - AFM surface morphology of MOWs grown on 6H-SiC substrates. (a) 
sample A (b) sample B ................................................................................ 61 
Figure 4. 7 - (a) Room temperature monochromatic cathodoluminescence map of 
sample A at 242 nm indicating spatial non-uniformities on a submicron scale, 
(b) highangle annular-dark-field (Z-contrast) electron micrograph showing 
cross section of sample A, and (c) enlarged image revealing cluster-like 
features within AIGaN layer ...... ....... ...... ................................................. ..... 62 
xii 
Figure 4.8 - (a) Room temperature monochromatic cathodoluminescence map of 
sample Bat 251 nm, (b) cross section TEM image of sample B, and (c) High 
resolution cross section TEM image .............................. ..................... .... ... .. 63 
Figure 4.9- Amplified Spontaneous emission intensity spectrum scaled by 
excitation fluence (a) Sample B (b) Sample A ........ .. ...... ...... ....... .......... ...... 64 
Figure 4.10- Pump fluence dependence of Peak position (black dots, left side 
axis) and FHWM (red circles, right side axis) of the edge emission spectra of 
sample A ... ....... ... ....... .... ..... .. ............ .... .. ................ ............. ...... ...... .. .. ....... 65 
Figure 4.11 - VSL traces collected at the peak wavelength at different pump 
fluences. Green, red, black lines correspond to sample B while blue line 
corresponds to sample A ....... .... ............................... ................. ..... ... .... ...... 67 
Figure 4.12- Absorption/gain spectra measured at the highest pump fluence for 
sample A (blue) and sample B (red) ... ..................... ... .. ..... ... ........... ...... ..... 67 
Figure 4.13- Reciprocal lattice map of an AIN/AI0.7Ga0.3N MQWs sample 
identical to sample A ....... ..... ........ ................. ... ...... .............. ...... .... ......... .... 70 
Figure 4.14- (a) ASE spectra recorded for the TE (red) and TM (black) 
polarizations, under a pumping fluence of 15 1JJ/cm2 (b) Net modal gain 
spectra versus the emission energy for the TE (red squares) and TM (black 
dots) emissions .. .... .. .. .... .. ............ ..... ... ..... ... .... ...... ..... ..... ..... ...... .... ..... ..... .. 71 
Figure 5.1 - Schematic view of fabricated UV LED device .. ............. .... ............ . 73 
Figure 5.2 - Electroluminescence spectrum of UV LED device at 20 rnA ........ .. 7 4 
Figure 5.3 -I-V characteristics of UV LED device ....... .. ..... ................... ......... .... 74 
xiii 
Figure 6.1 -The calculated conduction band profile, and bound-state energies/ 
wave functions of structure B with external bias F= -31 kV/cm . ... ............... 80 
Figure 6.2- AFM images of GaN substrates (a) original surface before ICP 
etching, (b) after 1st ICP etching, (c) after 2nd ICP etching .... .................... 81 
Figure 6.3- Cross-sectional TEM images of the periodic multiple-OW (a) (b) 
V2520 (structure A) and (c) V2701 (structure B) studied in this work ......... 84 
Figure 6.4- Temperature dependent 1-V characteristics measured from a device 
with structure B with pulsed voltages (a) at forward bias and (b) at reverse 
bias. From topmost to bottommost in plot (a) and (b), the four curves are 
measured respectively at the temperature of 20, 100, 200, and 280. Plot (c) 
is differential resistance against the absolute value of voltage derived from 
the measured 1-V curves at 20 K. The dotted line corresponds to forward 
bias while the solid line corresponds to reverse bias ................................... 85 
Figure 6.5- Far-infrared electroluminescence spectra measured from a device 
with structure B at 20K ............................................................. ................... 87 
Figure 6.6 - Conduction-band potential profiles and bound states of three 
different AIGaN-based QWIP structures under bias. The QWs structure 
consists of: (a) a single barrier and well; (b) a single barrier and a step well; 
(c) a step barrier and well. The vertical arrows correspond to ISB absorption 
and the vertical ones correspond to the escape of photoelectrons into the 
continuum ........ ... .. ............ .................... ...... ............. .. ........ ....... .. ................. 88 
Figure 6. 7 AFM image of Mitsubishi GaN substrates ........................ ................. 89 
xiv 
Figure 6.8 - (a) Impinging Ga flux dependence of Ga surface coverage and 
desorption time in (0001) GaN growth at Tsub=722·c with constant N flux 
(0.23MUs) (b) Impinging Ga flux dependence of Ga surface coverage with 
various substrate growth temperatures ...... ...... ................................ ........... 91 
Figure 6.9 AFM images of samples grown with different Ga coverage. (a) V2889 
(b) V2962 and (c) V291 0 ... ....................... ............. .......... ........ ... ... .............. 93 
Figure 6.10 - On-axis 8-28 XRD scan of QWIP sample V2962 ......... .. .... ........... 94 
Figure 6.11 - 1-V characteristics of devices fabricated from sample V2962 with 
various temperatures ..... ... ... ............... .... ... ...................... .. ........... ............. . 95 
Figure 6.12- Bias voltage dependence of photocurrent measured at 20K for a 
device fabricated from sample V2962 ...... ............. .... ...... ... ......... ...... ..... ... . 96 
Figure 6.13 - Solid line: Photocurrent spectrum of a device fabricated from 
sample V2962 measured under bias +0.8 Vat 20K under applied, dashed 
line: Gaussian fit of the spectrum .. ...... .......... ......... .. ............... ... ........... ... ... 97 
XV 
LIST OF ABBREVIATIONS 
AFM ................................................................................ Atomic Force Microscopy 
AIN ..... ............................ ...... ... ... .................................................. Aiuminum Nitride 
AIGaN .................................... ... .......... ........ .... .. .............. Aluminum Gallium Nitride 
BEP ... .... .............. .... ... ... ............. .................................. Beam Equivalent Pressure 
CL .............................. ......................... .................... .... ......... Cathodoluminescence 
DH ............. ..... ........................ ................. ..... ......... ...... .. .... Double Heterostructure 
EQE ....................... .. .................................................. External Quantum Efficiency 
FWHM ..................... .................. .. ............... ..... ............... . Full Width Half Maximum 
ICP ................... ..... .. ... ... ......... ..... .. ............................. Inductively Coupled Plasma 
IQE ............................................................................. Internal Quantum Efficiency 
ISB .... ..... .. ........... ...................... ................ ..................... .... .............. .. lntersubband 
MBE ....................... .... ............... .... ............... ......... ...... ...... Molecular Beam Epitaxy 
ML .............................................. ... .. ........ .. .................................... .... ..... Monolayer 
MQWs ............................................................................... Multiple Quantum Wells 
PL ................................. .......................................................... . Photoluminescence 
RF .......... .................. ................. .. ............ ..... ................................ Radio Frequency 
SEM ... ...... .............................................................. Scanning Electron Microscopy 
TEM .. ... .. ........................................................... Transmission Electron Microscopy 
VSL. ..................................................................................... Variable-stripe Length 
UV .. ... ...... .......................................................................... .... ... ... .... .... ... Ultraviolet 
XRD ... ... ...... ........... ..................... ................ ....... .. ........... ............... X-ray Diffraction 
xvi 
1 
CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
1.1. Introduction and properties of Ill-nitride material 
The family of Ill-nitride semiconductors includes the binary compounds GaN, 
InN, AIN and their alloys. In the last two decades, we have seen a great progress 
both in the areas of material science and their device applications. GaN, InN and 
AIN are direct band gap semiconductors with their band gaps expand from 0.7 
eV (InN) to 3.4 eV (GaN) and 6.2 eV (AIN} , making them good material 
candidates for optoelectronics devices operating from near infrared to ultraviolet 
C part of the electromagnetic spectrum. Applications include light emitting 
diodes (LED), laser diodes (LD) , solar cells , and photodetectors. These 
developments were the result of the breakthrough discovery of using low 
temperature GaN buffer for high quality GaN film growth on foreign substrates 
[Menon, 1990, Lei, 1991; Nakamura, 1991; Moustakas, 1992; Lei, 1992: 
Moustakas, 1993a] and the successful p-type doping of GaN [Akasaki, 1988; 
Amana, 1989; Nakamura, 1992; Moustakas, 1993b]. Blue light emitting diodes 
based on GaN and lnGaN alloys [Nakamura, 1993] have been developed into 
energy-saving solid-state lighting sources. 
Over the last decade, increasing research interests had been focused on 
AIGaN alloys and their quantum structures, which can be used for the 
development of optoelectronic devices (LEOs, LOs, detectors and optical 
modulators) operating in the ultraviolet (UV) spectral region. Similarly, the 
tunable band gap difference between GaN and AIGaN alloys make these 
materials suitable for the development of intersubband optoelectronic devices 
operating in the infrared and THz spectral regions. The research discussed in 
this dissertation addresses UV and terahertz optoelectronic devices. 
1.1.1. Structural properties 
Ill-Nitrides can exist in the wurtzite, zinc blende and rock salt crystalline 
structures. Zinc blende and wurtzite GaN, InN and AIN thin films can be formed 
on substrates with similar crystallographic symmetry [Lei, 1992] while the 
formation of rock salt Ill-nitrides is only possible under high pressure conditions. 
From the three allotropic forms the wurtzite structure is the thermodynamically 
stable form under ambient pressure and temperature. In this study all the 
materials and devices investigated were having the wurtzite structure. 
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Wurtzite structure is 2H hexagonal polytype. The wurtzite structure consists 
of two hexagonal close packed (HCP) lattices, which are displaced from each 
other by 3c/8 along the c-axis. Each atom is tetrahedrally bonded with four atoms 
of the other species. Therefore there is crystallographic polarity in this structure 
due to non-symmetric inversion perpendicular to the c-axis. By convention, the 
Ga-polarity and N-polarity shown in Figure 1.1 are designated as the [0001] and 
[OOOl] directions respectively. 
Ga-polarity 
[0001 ] 
t 
[0001] 
Figure 1.1 -Stick-and-ball models of Ga- and N-polarity of wurtzite structure. 
Large yellow balls are nitrogen atoms and small grey balls are Ga atoms 
[Ramesh , 2012] 
The bonds between nitrogen and group Ill elements have some covalent 
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and some ionic character and thus Ill-nitrides are polar material. Without external 
electric field, there are permanent internal electric fields resulting from the 
interface charges of the electric dipoles introduced by the bond iconicity. This 
type of polarization is known as spontaneous polarization. With applied stress, 
lattice deformation changes the spontaneous polarization; and this change is 
known as piezoelectric polarization. This piezoelectric effect is important for 
quantum structures where layers of interest are often under large strain. 
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1.1.2. Optical properties 
Indirect band gap II I-V compounds like AlP or GaP has their conduction 
band minimum at the X-valley and the valence band maximum always at r-valley 
(i.e. different wave vectors). Because the photon momentum is very small, the 
optical interband transitions for indirect band gap semiconductors require the 
participation of phonons, and thus making the quantum efficiency of such 
transitions extremely low. On the other hand the Ill-nitride materials have the 
conduction band minimum at the r-valley and therefore are direct band gap 
semiconductors, which is the key for the development of efficient emitters. As 
mentioned in the beginning of this chapter, Ill-nitride band gaps also cover a wide 
range of wavelength (from 1.77 1-1m InN to 200 nm AIN). Figure 1.2 shows the 
bandgap energies of 111-V compounds. 
--r-valley (direct bandgap) 
-X-valley (indirect bandgap) 
AlP 
5.4 5.6 5.8 6.0 6.2 6.4 6.6 
Lattice constant (Angstroms) 
Figure 1.2- Band gap energies of 111-V semiconductor compounds. Lattice 
constant in x-axis is the hexagonal lattice constant a. [Zhu, 2013] 
The valence bands of Ill-nitrides are more complicated. First principle 
band structure calculations have been used to understand the band symmetry 
and energy differences [Chen, 1996; Li, 2003; Nam, 2004]. There are three 
valence bands calculated . Fitting to the Hopfield quasi cubic model for wurtzite 
/" 
/ 
x=l 
(a) 
..... ~ ... .,.,. ........... [
,. •• .,.- 7v 
E.Lc 
(c) 
6.11 e1 r,~ _ ~II• P<O 
_ ... -~ } ---·-
.. r 2l3meVA 
9v 
10 
(b) 
4.00 eV P=O 
x=0.25 
1.0 (d) 
0.5 
• • 
• 
-o.5 
• • 
-1.0 +--.---..--.....--.---..--.-----
0.0 0.2 0.4 0.6 0 .8 1.0 
Al content (x) 
Figure 1.3- Valence band structures of AIGaN near r-point. (a) GaN, 
(b)Aio.2sGao.7sN , (c) AIN, (d) AI content dependence of degree of polarization P 
[Nam, 2004] 
5 
6 
crystals, the energy differences between the three bands can be determined by 
two parameters f1cF and f1so. Here f1so is the contribution from spin-orbit 
interactions. f1cF is caused by crystal-field splitting, which is sensitive to structural 
parameters. This includes the ratio 11=c/a and a dimensionless internal parameter 
u. The parameter u corresponds to the displacement between the two sub-
lattices of the wurtzite structure. Because of the large iconicity of AI-N bonds, 11 
and u are far away from the ideal values J8/3 and 3/8 respectively in wurtzite 
structure, leading to a negative value f1cF =-219meV for AIN, compared to the 
positive value of f1cF= 38meV for GaN). This leads to a change of the 
polarization properties of photons allowed for interband transitions. 
Both AIN and GaN the conduction bands have r 1 symmetry, while the AIN 
(GaN) topmost valence band has r 1 (r g) symmetry respectively. As shown in 
Figure 1.3 (c) for AIN interband transitions, between conduction band minima 
r7cbm and valence band maxima r7vbm, only photons with Ellc are allowed. Here x 
is defined as the AIN mole fraction in AlxGa1-xN alloys and Pis defined as the 
degree of polarization: 
p - I.l -Ill 
I .l +Ill 
111 and I 1 are defined as integrated intensity for emission light with Elc and Ellc 
respectively. In Figure 1.3 (a) and (d), the intensity Elc is a little higher than that 
of Ellc in GaN interband optical transitions. As x increases, the polarization is 
changing towards Elc. At x=0.25 in Figure 1.3 (b), components of Elc and Ellc 
are equal. In the case of AIN , E_l_c becomes dominant. By convention, in this 
work, E_l_c corresponds to TE mode, while Ellc corresponds to TM mode. 
1.2. Growth of Ill-nitride thin films by MBE in the liquid phase growth 
mode 
1.2.1. Growth methods 
7 
The crystalline GaN in the shape of needles and platelets was synthesized for 
the first time by reacting ammonia with hot Gallium [Juza, 1 938]. GaN in the form 
of thin films was grown for the first time in 1969 on sapphire substrates by the 
hydride vapor phase epitaxy (HVPE) method [Maruska, 1 969]. However, these 
films suffered from poor crystalline quality and high unintentional n-type doping. 
Only after the research breakthrough of GaN growth on sapphire in early 1 990s, 
the field of Ill-nitrides received worldwide attention. Currently, there are three 
major methods of growing Ill-nitrides films: Metal Organic Chemical Vapor 
Deposition (MOCVD), Molecular Beam Epitaxy (MBE) and Hydride Vapor Phase 
Epitaxy (HVPE). 
MOCVD is a method using chemical reaction of ammonia and metalorganic 
precursors on a substrates held at high temperatures. Similarly, in HVPE 
ammonia reacts with metal halides (e.g. GaCI) formed in situ by the reaction of 
HCI and hot gallium. The total pressure used in both of these methods is either 
one atmosphere or a fraction of an atmosphere. The MBE method on the other 
hand is an ultrahigh vacuum method and the flow of the molecules from their 
sources is in the molecular flow regime and that is why the method is called 
molecular beam epitaxy. The growth in this method occurs at lower temperature 
than in the other two methods and thus, it occurs far from the thermodynamic 
equilibrium and thus, the growth is determined by kinetic processes. In general 
MBE is a physical vapor deposition process involving the reaction of atomic or 
molecular species on a heated substrate. Detailed description of the MBE setup 
is in chapter 2. 
1.2.2. Growth of Ill-Nitrides by MBE in the liquid phase mode 
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AIGaN alloys with high AIN mole fraction and their quantum wells (QWs) can 
be used for the development of emitters (LEOs and lasers) in the deep-ultra-
violet (UV) spectral region. Currently, the external quantum efficiency (EQE) of 
deep-UV LEDs emitting below 250 nm is less than 1% [Khan , 2008]. This poor 
EQE can be accounted for by low internal quantum efficiency (IQE), current 
injection efficiency (IE), light extraction efficiency (EE) or a combination of all 
three factors. The IQE of AIGaN alloys emitting below 250 nm was reported to be 
below 0.05% [Chichibu , 2006). This result needs to be contrasted with the IQE of 
lnGaN alloys and their QWs, which have IQE as high as 80% [Chichibu , 2006]. 
This high emission efficiency in lnGaN alloys is attributed to compositional 
inhomogeneities in these alloys, whose origin is phase separation caused by 
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spinodal decomposition due to the 11% difference in the ionic radius of Ga and In 
atoms in tetrahedral sites [Ho, 1996; Singh, 1996, 1997]. Such compositional 
inhomogeneities give rise to band structure potential fluctuations, in addition to 
statistical fluctuations due to alloy disorder. Injected electron-hole pairs in such 
alloys form excitons that are localized in these deep potential fluctuations even at 
room temperature. This prevents the carriers from diffusing and recombining 
non-radiatively at dislocations or other defects. Thus, lnGaN-based blue LEOs, 
grown on sapphire substrates with very high dislocation densities, were found to 
have very high EQE [Chichibu, 1996; Ponce, 1997]. 
The poor IQE of AIGaN alloys grown heteroepitaxially on sapphire substrates 
can be attributed to a number of factors. One is the high reactivity of active 
nitrogen with aluminum, which leads to AIGaN alloys having microstructures with 
small domain sizes [Moustakas, 2012a]. Since dislocations in these materials, 
grown at low temperatures, occur primarily at the boundaries of the domains due 
to incomplete coalescence of the islands, microstructures with small domain size 
are expected to have high dislocation density. Furthermore, coalescence of the 
small domains leads to tensile stress, thus causing nucleation and propagation of 
cracks [Nix, 1999]. A second factor affecting the AIGaN IQE is the incorporation 
of oxygen, which is a common impurity in ammonia and nitrogen sources and 
introduces energy levels in the middle of the energy gap in AIGaN alloys with 
high AIN mole fraction [Moustakas, 2011]. The benefits of phase separation, 
which is present in lnGaN alloys, are not expected in AIGaN alloys since AI and 
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Ga atoms have the same ionic radius in tetrahedral environments. 
Several approaches are currently being pursued to address the problems 
associated with the low IQE of AIGaN alloys. One is to develop AIGaN-based 
emitters on AIN substrates with low dislocation density [Grandusky, 2011; 
Wunderer, 2011 ], or to grow such emitters on high temperature AIN templates on 
sapphire [Pernot, 201 0]. Another approach is to develop methods for growing the 
AIGaN alloys with strong band structure potential fluctuations so that the injected 
electron-hole pairs in the active region of the emitter are localized in these 
potential fluctuations and recombine radiatively very efficiently [Bhattacharyya 
2009, Moustakas 2012a]. There are two ways that can give rise to band structure 
potential fluctuations in AIGaN alloys. One is partial alloy ordering, which has 
been shown to exist in AIGaN alloys grown by different methods [Korakakis, 
1997; Misra, 1999; lliopoulos, 2001; Wang, 2006] and the other is the 
introduction of compositional inhomogeneities [Collins, 2005; Sampath, 2006; 
Garrett, 201 0]. In our group we have reported the introduction of potential 
fluctuations by growing the AIGaN alloys by rf plasma -assisted MBE using 
excess gallium flux, above that required for stoichiometric growth [Moustakas, 
2011; Bhattacharyya , 2009; Liao, 201 0; Liao, 2011 a]. Since the composition of 
the AIGaN alloy is determined only by the AI flux [lliopoulos, 2002], Ga flux 
greater than required for stoichiometric growth (FAI + FGa = FActive Nitrogen), will 
establish a complete coverage of the growth front with liquid gallium. Under these 
conditions, the growth mode changes from physical vapor phase epitaxy to liquid 
11 
phase epitaxy (LPE). In this LPE mode, growth proceeds by dissolving the 
arriving AI and N atoms in the liquid Ga and their incorporation in the seed 
underneath from the liquid phase. This growth mode could lead to band structure 
potential fluctuations either by introducing compositional inhomogeneities due to 
lateral fluctuations in the thickness of the excess Ga or by introducing various 
forms of partial alloy order as has been reported previously [lliopoulos, 2001; 
Wang, 2006]. While the driving force in the traditional LPE method is the 
temperature gradient between liquid and seed, the driving force in the current 
process is the concentration gradient produced by the constant supply of AI and 
N fluxes. An additional advantage of this growth mode is the reduction of 
impurities such as oxygen through the formation of volatile gallium oxides 
[Moustakas, 2011]. 
1.3. AIGaN-based ultraviolet light emitters 
Ultraviolet (UV) light sources are used in many industrial applications. Such 
include, for example, air/water/food/surface sanitization, biological agent 
detection, non-line-of-sight free space communication, printing, and a number of 
medical applications. Especially ultraviolet C (UV-C) light is capable of disrupting 
DNAs in microorganisms and thus making them unable to replicate. AIGaN 
semiconductor materials have energy band gaps covering wavelength region 
from 200nm (AIN) to 360nm (GaN), which meets the requirements of most 
applications listed above. Additionally, semiconductor UV emitters based on 
AIGaN LEOs are mercury-free, more compact and portable comparing to 
mercury lamps that have to operate under high voltages. 
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There are two different types of UV emitters studied in this work. The first type 
is light emitting diode (LED), where electrons and holes are electrically injected 
from n-and p-sides respectively to the active region for radiative recombination. 
Usually for better quantum confinement and larger oscillator strength for 
interband optical transitions, multiple quantum wells (MQWs) are commonly used 
in the active region. There are many factors to consider in order to improve the 
performance of UV LEOs: 
(a) The p-type doping of high AI content AIGaN alloys is not efficient mostly 
due to high activation energy of Mg acceptors. Polarization-enhanced Mg doping 
in AIGaN superlattices was used to improve p-layer doping [Kozodoy, 1999]. 
(b) Most of the AIGaN based UV LEOs were grown on insulating sapphire or 
AIN substrates, thus high AI mole fraction n- AIGaN with high lateral conductivity 
is needed. However, AIGaN n-type dopant Si introduces tensile strain during the 
n-AIGaN growth due to its anti-surfactant nature, leading to cracking in the highly 
doped thick films [Nix, 1999]. Thick AIN template and strain management 
superlattices were used to overcome this obstacle [Liao, 2011 b]. 
(c) In n-type Ill-nitrides, edge dislocations are negatively charged acting as 
scattering centers to carriers, limiting their mobility in n-AIGaN. Also, dislocations 
penetrating the QW region often act as non-radiative recombination centers for 
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carriers and thus, lowering the IQE of AIGaN MOWs. By optimizing 
nitridation/nucleation conditions, using nano-patterned sapphire substrates 
[Dong, 2013) and inserting dislocation-filtering superlattices [Wang, 2002; Jmerik, 
2010], n-AIGaN threading dislocation densities could be reduced. 
(d) For AIGaN MOWs grown on (0001) planes, the internal polarization field 
distorts the conduction and valence band profiles, and reduces the effective band 
gap energy and the spatial overlap of envelop wave functions. This causes red-
shift in the emission spectrum and decrease in quantum efficiency. This is called 
Quantum Confined Start Effect (QCSE). Narrower quantum wells or non-/semi-
polar AIGaN were developed to overcome this effect. 
(e) It was reported that internal quantum efficiency (IQE) of AIGaN material 
decreases as AI mole fraction increases [Khan, 2008]. Here in this study and 
previous work in our group led to improved IQE of AIGaN MOWs by MBE using 
the liquid phase epitaxy growth mode [Bhattacharyya, 2009; Liao, 2011 b). The 
IQEs of AIGaN MOWs were also found to be drastically increased on AIGaN 
templates with dislocation density reduced to 1 08 cm-2 [Ban, 2011). 
Figure 1.4- Overview of the maximum EQE reported for c.w. (open triangles) 
and pulsed (closed circles) operation of UV LEOs by different research groups 
[Khan, 2008] 
(f) With increasing AI mole fraction in AIGaN, the emitting light changes its 
polarization from mainly TE mode to TM mode. This introduces a problem for 
light extraction in conventional LED structures. 
(g) Ohmic contacts to both n-and p-type AIGaN materials with high AIN mole 
fraction are still difficult to make. Because of this p-contacts are made to p-GaN, 
however, GaN absorbs UV light due to its smaller band gap. 
As discussed, in spite of numerous problems, researchers using MOCVD and 
MBE have found ways to solve them. UV LEOs emitting around 280nm with EQE 
as high as 10% have been demonstrated [Shatalov, 2012]. 
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An alternative method considered for UV emitters is electron beam pumped 
edge emitter. Compatible electron beam sources have been already available 
using Carbon Nanotube (CNT) as field emission cathodes, in which electrons 
escape the solid surface into the vacuum under an electric field . The high aspect 
ratio of CNT is ideal for creating intense electric field at the tip for field emission 
to happen. In this research, CNT arrays were developed for high current density 
slit electron beam. 
Metal conductive I 
AIN wave guid ing 
AIN buffer layer 
Slit Electron Beam 
edc·e emittinc 
Iicht 
Figure 1.5 - Schematic of electron beam pumped edge emitter 
As shown in Figure 1.5, electron beam from cathodes was directed to hit the 
top surface of the die made from AIGaN MOWs wafers. The interaction between 
electron and AIGaN material dissipates the beam energy, creating electrons and 
holes both in quantum barriers and wells of the AIGaN MOWs. Then these 
electron and holes recombine and emit photons. This type of emission is known 
as cathodoluminescence (CL). The electron interaction depth/volume is very 
limited, for example, 10KV electron dissipates most of its energy in the topmost 
450nm AIGaN material. So the active regions (AIGaN MQWs) are designed as 
topmost layers. Considering the polarization properties of emission light, edge 
emission is the only direction for the TM mode and one of the directions for the 
TE mode (i.e. surface emission also possible forTE). In this e-beam pumped 
edge emitter design, n-and p-type AIGaN layers for carrier injection are no 
longer needed, and thus, the major focus in this study is the optimization of the 
IQE of the AIGaN MQWs. 
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To prevent charging effects a thin metallic film is deposited on the top of the 
AIGaN /AIN MQWS in order to drain the charge to ground. Heat generated from 
electron beam interactions in the active region decreases IQE with rising 
temperature. Substrates with high thermal conductivity need to be considered for 
lowering thermal resistance for heat dissipation. This is one of the reasons to 
choose silicon carbide (SiC) substrates in this study. 
Electron beam pumped laser (EBP laser) could be achieved using this edge 
emitting design. This is a semiconductor device design with long history. In 1964, 
N.G. Basov firstly demonstrated it in bulk semiconductors [Basov, 1964]. About 
twenty years later, D.A. Cammack reported the first operation of ZnSe based 
superlattice EBP laser grown by molecular-beam epitaxy [Cammack, 1987]. 
Recently in 2007, M.M. Zverev reported room temperature (RT) threshold current 
density in EBP green laser to be as low as 0.4-0.5A/cm2 at the electron energy 
of 8-9keV. This is achieved by using ZnSSe/ZnSe superlattice waveguide layers 
and single CdSe quantum dot (QD) sheets as active region [Zverev, 2007]. 
Thus, by employing low threshold gain material (i.e. AIGaN MOWs or other 
structures), together with waveguide design and cleaved mirrors (possibly with 
reflective coatings as well), a UV emitting EBP laser based on AIGaN may be 
possible. 
1.4. AIGaN based intersubband devices for THz optoelectronics 
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THz technology has already been used in various industrial applications. It is 
predicted that the market for THz devices will reach around $600 million by 2021 
according to BBC Research LLC [McWilliams, 2012). However, lack of 
semiconductor materials that have enough small bandgap energies, the 
development of THz optoelectronic devices is difficult. A promising solution is to 
use intersubband (ISB) transitions between quantized energy states in 
semiconductor quantum structures. These finite structures can be manufactured 
by MBE growth methods for its accurate control of film thickness and ability to 
create sharp interfaces. In this study AIGaN based THz emitters and detectors 
were grown, fabricated and characterized . We found promising results for future 
optoelectronic device development. 
CHAPTER 2 
EXPERIMENTAL METHODS 
2.1. Molecular beam epitaxy 
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Molecular beam epitaxy (MBE) is a common method for depositing thin single 
crystalline films. First developed in the 1960's, it has matured into technology 
widely used for both academic research and semiconductor device 
manufacturing. It is capable of growing a wide range of group IV, 111-V and II-VI 
semiconductors. 
Crystal growth is done in a vacuum chamber where beams of atoms or 
molecules are directed at a heated single crystalline substrate. The beams of 
atoms/molecules are directed toward a heated substrate where they react on the 
clean substrate surface and form the film of interest. Layer thickness and 
material composition is manipulated by mechanical shutters that control the 
arrival of material on the substrate. 
During growth the chamber is maintained at ultra-high vacuum (UHV) 
conditions, which are generally defined to be a background pressure on the order 
of 1 o-10 torr. At these pressures the mean free path of the atoms in the chamber 
is well over 1 km so the atoms in the fluxes are very unlikely to interact with each 
other while they travel from their source to the substrate. Thus, the flow of 
atoms/molecules is in the molecular flow region and this is the reason why the 
method is called molecular beam epitaxy. Additionally the low pressure reduces 
impurity incorporation in the film and allows certain in-situ analysis techniques 
that are not possible with other growth methods, such as chemical vapor 
deposition (CVD) and liquid phase epitaxy (LPE.) 
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Additionally, because of relatively low growth temperature, MBE has the 
unique ability to synthesize materials far from thermodynamic equilibrium, since 
the constituent elements have a lower Gibbs free energy than the compound 
material under typical MBE conditions of pressure and temperature [Newman, 
1999]. This is in contrast, for example, with liquid phase epitaxy, which occurs 
close to thermodynamic equilibrium. MBE growth is therefore governed mainly by 
surface kinetic processes such as adsorption, surface diffusion, incorporation 
and desorption. 
2.1.1. MBE system 
For this work, Ill-nitride films were grown in a Varian Gen II MBE system. The 
system has three UHV chambers separated by mechanical gate valves: an entry, 
a degassing or buffer chamber and the growth chamber. Wafers are mounted on 
a Mo holder and then introduced into the entry chamber. A trolley mounted on a 
track is use to move the sample wafers into the other chambers. The motion of 
the trolley is controlled by moving an externally-mounted magnet and sample 
wafers are transferred from the trolley to either the buffer heater station or the 
growth chamber using magnetically coupled transfer rods. 
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The entry is the smallest of the chambers and is pumped by a turbo molecular 
pump (TMP) backed by an oil free diaphragm pump. This chamber is frequently 
vented to atmosphere either to introduce fresh substrates to the system, or to 
remove grown samples. Because of the frequent venting , the volume of this 
chamber is small to minimize its pump-down time. It routinely reaches a base 
pressure of- 5x1 o-7 torr after 90 minutes of pumping. The chamber is also 
equipped with a lamp that can heat the chamber and its contents to- 140 C, so 
that surface moisture can be pumped away before opening the gate valve to the 
buffer chamber. Typically the entry chamber would be pumped down to < 1 o-7 
Torr before turning on the heat lamps. As the system heats up the pressure rises 
to 1 o-s Torr as the water in the chamber evaporates. 
After the entry has been pumped down the trolley with the wafers is 
transferred to the buffer chamber. The degassing station can heat the block and 
wafer up to 550 oc so that contamination can be pumped away before introducing 
the block into the growth chamber. Typically the wafer blocks were outgassed at 
500 oc for 60 minutes. During this time the degas chamber pressure would rise 
from 1 o-8 torr to 1 o-6 torr, before saturating and falling back to 1 o-8 Torr. 
Finally each wafer is transferred in the growth chamber for deposition. This 
chamber is equipped with a TMP pump, a cryopump, and a titanium sublimation 
pump (TSP). The TSP was only used directly after a system vent. The gate 
valve between the TMP and the chamber is electro-pneumatically actuated. An 
interlock "circuit" automatically closes this gate valve in the event of TMP failure 
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or backing pump failure. The final system "pumps" are two liquid-nitrogen-cooled 
cryopanels, one around the source flange, the other surrounding the substrate 
heater. Liquid nitrogen (LN2) is gravity fed into the panels, then the pressure 
generated by the LN2 evaporating forces the fluid-gas mixture out of the 
cryopanels. When cooled these panels condense volatile gas species on 
their inner surfaces, reducing the background chamber pressure to < 1 x 1 o-9 torr. 
Additionally, the cryopanel thermally isolates the source cells from each other 
during growth, eliminating thermal crosstalk. A schematic of the MBE system is 
shown in Figure 2.1. 
Figure 2.1 -Schematic view of Gen-II MBE system [Moldawer, 2013] 
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The chamber is equipped with a quadropole mass spectrometer that can 
determine what species of gases are in the chamber, and their relative 
abundances. Ultimately the unit measures the mass/charge ratio of ionized gas. 
To determine the absolute abundances of the background is difficult since that 
requires a precise understanding of ionization energies, which was not done for 
this work. However, with minimal effort it can be used to track relative changes 
in the system background. The system is also used for leak checking. Helium 
gas is sprayed around the outside of the chamber and the RGA is used to 
monitor the presence of He inside the chamber which signifies the presence of a 
leak to atmosphere. 
2.1.2. Elemental sources 
As shown in Figure 2.1 the Gen II MBE system has eight ports where sources 
are mounted on 4.5" conflat flanges. The group Ill and dopant sources are 
resistively heated effusion cells where the material is contained in a pyrolytic 
boron nitride (PBN) crucible. Chemically active nitrogen is supplied by a VEECO 
UNI-bulb RF plasma source. Each source has a pneumatically actuated 
mechanical shutter to control when the corresponding beam flux is incident on 
the substrate. 
Group Ill (Ga, AI , In) atomic fluxes are supplied to the surface of the substrate 
by solid source effusion cells. These consist of a resistively-heated Ta filament, 
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which heats the PBN crucibles containing the source material. The entire 
assembly is wrapped in Ta heat shields to minimize radiative heat loss. Ta is 
used because it is a refractory metal (i.e. high melting point materials), its ability 
to be easily out-gassed, and because it can withstand thermal cycling. The 
crucible temperature is monitored by a thermocouple mounted at the bottom of 
the crucible. The temperature control feedback loop starts with the 
thermocouples, which are fed into standard Eurotherm PID controllers which in 
turn control the power supplies which drive the Ta filaments. 
For Indium, a standard cell made by Varian with a single heating element was 
used. Dual filament 400g Veeco SUMO cells were used for Ga and AI. The dual 
filament design allowed semi-independent temperature control of upper and 
lower sections of the effusion cell. Ga cell kept a typical temperature differential 
between the tip and base thermocouple of around 170°C at operating 
temperature. By maintaining a hot crucible tip, condensation of Ga around the 
crucible aperture was minimized. Conversely only the AI cell lower filament was 
heated , resulting in a base temperature approximately 90 to 100°C hotter than the 
tip temperature. This was done in order to retard the creeping of AI towards the 
crucible aperture (AI has a propensity to wet PBN) and thus prevent AI creeping 
out of the crucible and depositing onto the heating filaments and thermocouples. 
During cooling down of the AI cell, one has to avoid cooling the cell fast around 
the melting point of AI (660°C}, because the different of the thermal expansion 
efficient of AI and PBN would lead to the cracking of the crucible. Therefore 
between 600 to 750°C, the AI cell base temperature was ramped down at a low 
rate of 1 °C/minute. 
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Si and Mg were the dopants used in this work. They are supplied by solid-
source effusion cells manufactured by E-sciences Inc. These cells are mounted 
in downward-facing ports, so additional measures are needed to ensure the 
source material does not fall out of the effusion cell. 
For Mg a quartz piece is inserted in the PBN crucible to hold the charge a few 
centimeters from the base of the crucible. The cell itself was custom built by 
retrofitting a standard low temperature E-sciences source onto an old Varian 
style cell flange. Further details on the Mg cell and quartz insert can be found in 
the doctoral dissertation of Dr. A. V. Sampath [Sampath, 2002]. 
Active nitrogen was provided by Veeco UNI-bulb RF plasma source. It 
consists of a one-piece PBN gas inlet tube and plasma bulb with a perforated, 
exchangeable aperture outlet for the active species. Nitrogen gas (Nz) is passed 
through a purifier, to remove oxygen and water, before entering the inlet of the 
plasma source. The N2 flow rate was controlled using an MKS mass flow 
controller. Under typical growth conditions , the growth chamber N2 pressure was 
in the mid 1 o-s Torr range. The N2 plasma was created and sustained by coupling 
energy from an RF power supply into the PBN bulb via a water-cooled, copper 
coaxial RF coil. Stability of the plasma was attained using a manual RF tuning 
network. The procedure for striking the plasma at a power of 300 W was as 
follows: 
• Turn on the RF power supply. Dial the forward power to 60 W . Minimize 
the reflected power using the tuning network. 
• Flow 1.2 seem of N2 through the plasma source. 
• Increase the forward power to 350 W . The reflected power will increase 
when plasma strikes. The tuning network is adjusted to minimize the 
reflected power to 1-2 W 
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After this tuning process, the plasma switches from low to high brightness 
modes. This was verified by observing a sharp increase in the visual brightness 
of the plasma and a corresponding increase in the reflected power (which was 
then minimized by re-tuning the matching network). During the first several 
minutes of operation the source heats up due to the plasma interacting with the 
walls of the PBN crucible. Once the system had reached thermal equilibrium, the 
RF network typically needs to be retuned before starting growth. The 
stabilization time is typically 15 minutes, so we waited at least 30 minutes before 
initiating growth . The UNI-bulb design results in a relatively high abundance of 
atomic or excited state species exiting the source, in comparison to ionic species. 
The plasma source is generally robust and well behaved. The only significant 
maintenance it requires is periodic replacement of the aperture plate 
approximately every 6-month campaign if possible (which can be done in the 
field) and replacement of the entire PBN bulb every few years (which must be 
done at the factory.) The reason for this is that during operation, the inside of the 
PBN crucible is gradually sputtered away. The resulting material is carried by the 
N2 gas to the aperture plate where is tends to deposit and clog the exit holes, 
reducing gas throughput. 
2.1.3. RHEED 
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The MBE system is equipped with a reflection high energy electron diffraction 
(RHEEO) system to allow real time, in-situ monitoring of the growing crystal 
surface. While it is possible to perform precise quantitative analyses using 
RHEEO, such as obtaining growth rate [Grandjean, 1997; Abell, 2008a] or group 
Ill adatom surface coverage and desorption [Adelmann 2002] from RHEEO. In 
this work the RHEEO was used in a qualitative manner as a means to control the 
growth conditions which will be discussed below. 
In RHEEO, electrons incident at a grazing angle (-1°) diffract off the sample 
surface and the diffraction pattern is recorded in a phosphor-coated screen. 
Because of the shallow angle of incidence, the electrons mainly interact with the 
surface of the sample. The phosphor-coated screen converts the electron 
diffraction pattern to a visible image that can either be monitored in real time or 
captured for later analysis. The diffraction pattern gives a direct measurement of 
the average spacing of the atoms in the near-surface region of the film as it 
grows. More detailed analysis of the diffraction pattern can distinguish between 
20 and 30 growth modes. 
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The electrons were produced by a heated filament then accelerated toward 
the growth surface by a DC bias of up to 10 KeV. The De Broglie wavelength of 
these electrons is given by the relativistic expression 
Solving the equation gives electron wavelengths as small as A=0 .12 A, which 
is more than an order of magnitude smaller than the in-plane lattice spacing of 
GaN (3.189 A.) 
Considering the surface as a two-dimensional lattice, there is a corresponding 
two-dimensional reciprocal lattice mesh [Kittel, 1996]. However, in three 
dimensions, this reciprocal lattice mesh may be thought of as a set of reciprocal 
lattice rods, each extending normal to the two-dimensional mesh, and therefore 
normal to the surface plane. Since the wavelength of the electrons is around 30 
times smaller than the in-plane lattice constant of GaN, the corresponding Ewald 
sphere has a radius around 30 times larger than the spacing between the 
reciprocal lattice rods, such that the surface of the Ewald sphere intersects the 
rods almost parallel to the rods themselves. Due to the finite thickness of both 
rods (resulting from lattice imperfections and thermal vibrations) and the Ewald 
sphere (resulting from the spread in electron kinetic energies and the beam 
convergence), a finite intersection of the Ewald sphere with the reciprocal lattice 
rods occurs, resulting in a streaky diffraction pattern as observed on the RHEED 
screen. 
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Consequently a streaky RHEED pattern is therefore indicative of a smooth 
surface, which is characteristic of two-dimensional growth. In contrast, three-
dimensional growth gives a rough surface, and the incident electrons are 
transmitted through the surface features, "spotty" RHEED pattern. This real-time 
RHEED information allows the grower to adjust the growth conditions to ensure a 
smooth high quality epilayer. Additionally, prior work has shown that Ill-nitrides 
grown by plasma-assisted MBE should be grown under slightly group Ill-rich 
conditions in order to produce optimum quality epitaxial films with smooth 
surfaces. The RHEED diffraction pattern can be used to ensure this. A bright 
RHEED pattern indicates a N-rich surface. For AIGaN growth the RHEED will 
become spotty and faceted, especially at high AI mole fractions. This is because 
the low surface mobility of AI on a N-terminated surface. Since the AI adatoms 
can't diffuse very far on the growth surface before incorporating into the crystal 
the surface cannot smooth out during growth. In contrast, for metal-rich growth, 
the RHEED pattern stays streaky but it is slightly dim. The dimming is indicative 
of excess metal on the growth surface. These excess metal adatoms are 
randomly arranged on the surface and do not register to the underlying lattice. 
Consequently they tend to washout the diffraction pattern from the underlying 
crystal, dimming the observed RHEED pattern. 
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2.2 Film characterization 
2.2.1 X-ray diffraction 
A Huber four-circle high resolution diffractometer was the primary instrument 
used. This diffractometer has a "sealed tube" source, in which x-rays are 
produced by accelerating electrons at a water-cooled Cu target, situated inside a 
sealed vacuum envelope. The x-rays generated cover a broad spectral range, 
which is undesirable in a diffraction experiment. Therefore, a fraction of the 
source x-rays are directed, using a lead-shielded tube, onto a Ge (1 1 1) crystal 
monochromator. Another shielded tube is placed after the monochromator such 
that the two directions are inclined with respect to the Ge crystal at an angle 
appropriate to the n=1 Bragg peak of Cu Ka radiation . The Cu Ka radiation is 
actually comprised of two lines, namely Cu Kal (Akai=1.5405 A) and Cu Ka2, 
(Aka2=1 .5443 A), which therefore emerge from the monochromator at slightly 
different angles. Adjustable exit slits are then used to allow the passage of the 
Cu Ka, radiation only since it is the more intense of the two. This radiation is then 
used to probe the sample. 
In the 8- 28 scan, (28)/2 is equal to the angle which appears in Bragg's Law, 
and thus the position of the diffraction peak allows the lattice constant of the 
planes under consideration to be determined . It can be shown that the error due 
to the eccentricity of the sample (i.e. the displacement of the sample with respect 
to the diffractometer center along the direction normal to the diffracting planes) is 
proportional to cos28/sin8 [Korakakis, 1998], which diminishes monotonically as 
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28 approaches 180°. Therefore the higher order Bragg peaks will yield the more 
accurate d-spacing, and therefore where practicable, the (004) peak has been 
used to calculate the value of the c-lattice constant. To account for strain , an off-
axis measurement is also required, in order to obtain the a-lattice constant. In 
practice, for accurate a-lattice constant determination, the so-called Bond method 
or extended Bond method is used [Fedler, 2002], in which a set of on-and off-
axis measurements are taken in order to eliminate all offset errors. It is then 
possible in principal to solve for x self-consistently assuming a linear interpolation 
of the relevant elastic constants between the known elastic constants of AIN and 
GaN. However, this procedure involves a considerably greater effort, and relies 
on an accurate knowledge of the elastic constants. For the purposes of the 
present studies however, the method presented , which does not take stain into 
account, was judged to be adequate to provide routine evaluation of the AlxGa1-
xN composition. 
The 8- 28 scan was also used to analyze periodic multilayer structures such 
as multiple quantum wells. Growth of such a structure leads to a modulation of 
the electron density on a periodic length scale larger than the inter-atomic 
distance between the crystal planes. The resulting diffraction profile therefore 
consists of so-called superlattice peaks, with a smaller separation in reciprocal 
space than the separation between the Bragg peaks of the crystal. The 
superlattice peaks are labeled Sln. The period D, can be obtained from Bragg's 
law for the multilayer structure. Considering two superlattice peaks labeled Sln 
and Slm, we have nA=2sin8n and mA=2Dsin8m. Combining these gives 
D = __ (_n_-_m_)A. __ 
2(sin8n- sin8m) 
which can be sued directly to determine the period. 
Due to the current unavailability of native substrates, Ill-nitrides films are 
usually grown heteroepitaxially on substrates with significant lattice mismatch 
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such as AI203. The process of nucleation leads to films with a mosaic structure, 
meaning that the films consist of sub-grains or domains. These domains are 
misaligned with respect to each other in two ways: the crystal planes nominally 
on-axis have a distribution of tilt angles with respect to the substrate surface; the 
domains have a range of twist angles with respect to the substrate normal. The 
angular range of these two distributions can be determined by performing rocking 
curves. The magnitude of the full width at half maximum (FWHM) of these 
rocking curves is a measure of crystalline quality: narrow rocking curves are 
associated with good crystal quality. 
2.2.2 Photoluminescence 
Photoluminescence (PL) spectroscopy is a materials characterization method 
where a sample is exposed to light with photon energy is larger than the 
fundamental bandgap of the semiconductor. When these photons are absorbed 
generate electron-hole pairs which relax down to the band edges from where they 
recombine and emit photons with energy equal to the bandgap of the 
semiconductor. 
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In this work, we had employed a Helium-Silver vapor laser emitting at 224nm. 
The laser beam was focused onto the sample at a shallow angle of incidence, so 
that the reflected laser light could not enter the collection optics. Luminescence 
was captured by a large diameter-collimating lens and focused onto the entrance 
slit of Acton Research Corporation (ARC) spectrometer containing a holographic 
grating with 1800 lines/mm blazed at 250 mm. The light exiting the spectrometer 
impinges on a photomultiplier tube (PMT), whose output signal was fed into a PC 
by an analog-to-digital converter card. Data acquisition was controlled using the 
ARC software SPECTRACARD and the result was stored as an optical intensity 
versus wavelength curve. This curve is actually the spectral intensity of the 
sample luminescence multiplied by the overall response function of the optical 
system (collection optics, the spectrometer grating and PMT). Strictly speaking, 
the recorded intensity should be divided by these response functions in order to 
obtain the true luminescence spectra. However, since the spectra investigated in 
these studies were quite narrow(- 20 nm) the wavelength dependence of the 
apparatus response functions were neglected in this work. 
One of the main motivations of this work is to evaluate AIGaN based MQWs as 
the active region of deep UV LEOs and lasers. One method for measuring the 
internal quantum efficiency (IQE) of quantum wells is temperature-dependent 
photoluminescence. To extract the IQE we measure the PL intensity vs. sample 
33 
temperature at fixed incident optical power. The room temperature IQE is then 
estimated as the ratio of the PL intensity at room temperature divided by the PL 
intensity at 10 K. This is justified by noting that non-radiative recombination is 
mediated by phonon scattering. In the limit of 0 K, there are no phonons present 
in the crystal, hence recombination is purely radiative. For this measurement the 
samples are placed onto the cold finger of a closed-cycle helium cryostat, 
equipped with a Si-diode temperature sensor and copper wire heating element. 
The sample temperature could be controlled over a range from 1 0 K to room 
temperature using a 321 Autotune Lakeshore PID controller. 
2.2.3 Cathodoluminescence 
Cathodoluminescence (CL) gives information similar to PL about a sample. 
For CL a sample under vacuum is excited with a high energy electron beam 
(typically 1 to 30 keV). These electrons excite many electron-hole pairs which 
relax down to the bandedge and recombine emitting photons characteristic of the 
fundamental bandgap of the material. The measurements were done in a JEOL 
SEM system using the primary imaging optics to generate the CL electrons. The 
electron beam can be precisely positioned on the sample surface, and the optical 
emission from the sample can be mapped in the form of line scan . By changing 
the wavelength setting at the detector, the emission profile at specific wavelength 
can be obtained from such line scan. In addition, by changing the extraction 
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voltage of the electron beam, the penetration depth of the electron beam can be 
changed, and therefore emission profile at various depth of the sample under 
investigation can be obtained. 
2.2.4 Optical transmission 
Optical transmission is a measurement of the percentage of light transmitted 
through a specimen as a function of the wavelength. For this work this 
measurement was used to determine the bandgap of a sample. For this 
measurement light from a broadband optical source is shined on the sample and 
a spectrometer is used to collect the light that passes through the sample. 
Photons with energy larger than the bandgap of the material are strongly 
absorbed so a plot of transmitted intensity vs. wavelength gives the sample 
bandgap. 
The transmission measurement was performed using a Varian Cary 5000 UV-
Vis-NIR spectrophotometer. The wavelength range is set from 200 nm to 600 nm 
with 0.5 nm step and 0.1 second integration time. A single-side polished c-plane 
sapphire substrate is used as a reference sample for each measurement. The 
transmission spectrum is obtained by plotting the relative percentage of the 
intensity of transmitted light to the source (normalized to 100 percent) versus 
wavelength. 
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2.2.5 SEM and AFM 
A Zeiss Supra 40VP field emission scanning electron microscope (FESEM) 
system was used for imaging epilayers and devices. In FESEM a sharp Tungsten 
0JV) tip(- 100 nm) is placed in vacuum and a large electric field is used to extract 
electrons from it. The electrons are accelerated, collimated and focused using a 
series of electromagnetic lenses and finally focused onto the sample surface. The 
incident electron beam excites secondary electrons in the sample, some of what 
are energetic enough to leave the sample and be collected by an electron 
detector. By comparing the intensity of these secondary electrons to the position 
the primary electron beam an image showing the characteristics of the sample 
can be constructed. This image is displayed on a monitor and can be captured 
for later analysis. The contrast in an FESEM image is a function of both the 
surface morphology of the sample, as well as its electrical conductivity. Images of 
an epilayer surface can be used to estimate roughness and describe and identify 
surface features. An epilayer can also be imaged in cross section to measure it's 
thickness to an accuracy of -1%. 
Atomic force microscopy (AFM) is a powerful tool for acquiring ultra-high 
resolution images of a surface. With proper care AFM can resolve individual 
atoms in crystal lattice(- 3 A.) In this work, a Digital Instrument Dimension 3100 
AFM was used to characterize epitaxial layers. All samples were measured in the 
tapping mode using a Si etched SPM probe. In tapping mode, mechanical 
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vibrations are excited in the AFM cantilever. These vibrations are purposely 
chosen to be very close to the resonant frequency of the cantilever. The tip is 
rastered across the sample surface and as it interacts with the surface the 
oscillation frequency of the tip changes. A surface image is constructed by 
collecting the changes in oscillation magnitude and phase with respect to the 
reference oscillation. After an image is acquired, commercial image analysis 
software is used to quantify RMS roughness or the lateral and vertical dimensions 
of surface features. 
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CHAPTER 3 
GROWTH OF AIN AND AIGaN QWS ON SIC BY MBE 
3.1. Wurtzite AIN film grown on 4H or 6H-SiC (0001) substrates 
3.1.1. The advantages of SiC substrates for AIN epitaxial growth 
Ideally you would like to grow AIN films by MBE on AIN substrates, which 
were reported to have a low dislocation density (below 104 cm-2). Due to 
homoepitaxial growth such AIN films can be grown without strain relaxation and 
generation of new threading dislocations. However, even though bulk AIN 
substrates are commercially available by companies such as Hex Tee, LLC and 
Crystal IS, Inc., they are still available in small sizes and are prohibitively 
expensive. 
In the current work we have chosen 4H- and 6H-SiC substrates for the 
heteroepitaxial growth of AIN in the wurtzite structure (2H-AIN) for several 
reasons. First, the lattice mismatch between 4H- or 6H-SiC and 2H-AIN is 1.2%, 
much smaller than the 13.3% lattice mismatch between AIN and sapphire with 
the 30° rotation between the two unit cells. Second, since both substrate and film 
have hexagonal symmetry their m-planes and a-planes are parallel in AIN/SiC 
heterostructures. Thus, cavity mirrors for laser bars can be formed by cleaving 
the SiC substrate. Third , 4H- or 6H-SiC substrates have high thermal conductivity 
(4.9 W cm-1K-1 for 6H-SiC) , which is beneficial for high power devices (see Table 
3.1 ). 
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Table 3.1- Material parameters of AIN and various substrates [loffe, 2001] 
2H-AIN 4H-SiC 6H-SiC Sapphire 
Lattice constant, a (A) 3.11 3.073 3.073 4.758 
Lattice constant, c (A) 4.98 10.053 15.118 12.991 
Thermal conductivity, 2.85 3.7 4.9 0.35 0N -1 K-1) 
·em · 
Lattice mismatch 0% 1.2% 1.2% 13.3% 
3.1.2. SiC polytypes 
The unit cell of SiC consists of alternating Si and C bilayers having hexagonal 
symmetry, where each element is coordinated tetrahedrally by four elements of 
the opposite type. The atoms in these Si and C sublayers are closed-packed and 
are labeled as A, Band C by the mutually rotated orientations of Si-C bond. 
There are more than 250 polytypes of SiC, defined by the stacking sequence of 
A, B, C sublayers. For example, the stacking sequence for 2H-SiC (wurtzite 
structure) is AB I AB .. . , and the stacking sequences of 4H- and 6H-SiC are 
ABCB and ABCACB respectively. Hexagonal 4H- or 6H-SiC substrates are non-
centrosymmetric and have two different surfaces Si(0001) and C(OOOI). Epitaxial 
AIN films grown on Si(0001) and C(OOOI) surfaces of SiC by MBE are Al-polar 
and N-polar respectively [Harada, 2003]. 
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3.1.3. SiC substrate handling and cleaning 
In our experiments we have diced each SiC wafer into 1 cm2 pieces using an 
in-house dicing saw. Prior to dicing the epitaxial surface was protected with spin-
coated photoresist. However, there are still several possible contamination 
sources during wafer dicing , These includes the adhesive tape holding the wafer, 
the cooling water and metallic inclusions from the dicing blade. Following the 
Figure 3.1 - AFM images of SiC substrates (a) after TCE cleaning (b) after 
piranha cleaning 
wafer dicing, the substrates were cleaned by degreasing and sonication in 
trichloroethylene, acetone, methanol and isopropanol, then dipped in heated 
piranha solution (3:1 mixture of HzS04 and HzOz}, and finally dipped in buffered 
HF (1 0:1 mixture of HF and HzO). It was found that piranha cleaning of the 
substrate is critical to remove the residual photoresist and other organic 
contaminants as shown in Figure 3.1. 
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Additionally because SiC material is chemically and mechanically stable , it is 
hard to be polished without scratches and sub-surface damage. AFM studies for 
some SiC wafers indicate the existence of a network of scratches due to 
mechanical polishing. Such scratches can be removed by Chemo-Mechanical 
polishing (CMP), which produces atomically smooth surfaces. In this study, CMP 
polished SiC wafers were acquired from Cree Inc., NOVASiC and II-VI Inc .. As 
seen in Figure 3.2 (b), smooth 6H-SiC surface with flat steps of average height of 
0.35nm were made by CMP. It is also worth noting that for six bilayer step height 
(i.e . half period of stacking layers ABCACB) is 1.5nm for 6H-SiC. 
Figure 3.2- AFM images of SiC substrate surfaces (a) 4H-SiC without CMP (b) 
6H-SiC with CMP 
3.1.4. Problems during growth of AIN on SiC 
The first problem of growing 2H-AIN on 4H- or 6H SiC (0001) surface is from 
the difference in polytype structure between film and substrate. The 4H- or 6H 
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SiC (0001) surface could be terminated with different stacking sequences when it 
is not atomically flat across the wafer. As a result epitaxial AIN films on SiC would 
have domains with different stacking sequences such as ACAC ... or BCBC ... , 
separated by what is known as stacking mismatch boundaries (SMBs) (see 
Figure 3.3) . Obviously 2H-SiC substrate will not have this problem, but it is not 
commercially available. 
·I'· 
-:;;> \ !-- , ... -I 3 
2H-AIN 
SMB 
• : 
- . ~ 
u:r_ 
·-
I 
:~ 6H-SiC I 
I 
Figure 3.3 Schematic of SMB formed in 2H-AIN grown on 6H-SiC [Okumura , 
2008] 
The second problem is SiC (0001 b surface preparation , including removing 
surface oxide and other contaminants, due to wafer dicing. The commonly used 
method to remove the native oxide from a Si-wafer is wet-etching using 
hydrofluoric acid (HF). This etching process leaves the surface passivated with 
hydrogen, which can be removed by annealing in vacuum. Although structurally 
SiC (0001 b surface is equivalent to that of Si (111 ), studies have shown that 
oxygen remains after treating the SiC surface with HF. This is due to the large 
crystal field potential created on the SiC (0001 b surface by the underlying 
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polarized Si-C bonds, which need to be compensated by adsorbing negatively 
charged ions (OH- or F- instead of H+) in HF solution to stabilize crystal surface 
[King, 1999]. 
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Figure 3.4- RHEED patterns of SiC (0001 b surface before and after Ga flushing 
In this study, after dipped into HF, SiC substrates were loaded into the MBE 
chamber and degassed at 800C. As shown in Figure 3.4 the SiC surface showed 
slight dim (1 x1) RHEED pattern , namely one-fold symmetry along both the [1 IOO] 
and [1120] azimuths. Gallium with a Beam Equivalent Pressure (BEP) of 2x1 o-6 
Torr was then deposited on the surface at lower substrate temperature (750 °C), 
and desorbed at 780 °C to remove residual oxygen by the formation of volatile 
gallium oxides. After 3-5 times of Ga deposition and desorption , SiC started 
exhibiting a sharp streaked (3x1) reconstruction RHEED pattern with three-fold 
symmetry along [1100] azimuth . With oxygen removed by Ga flushing , the Si 
dangling bonds were saturated with 1/3 monolayer of adsorbed Ga adatoms. 
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This (3x1) reconstruction is typically associated with a well-ordered ..J3x..J3-R 30° 
Ga surface [Jeganathan, 2003]. However, to confirm if oxygen is completely 
removed from the surface of SiC, further surface analysis is required using tools 
such as X-ray photoelectron spectroscopy (XPS) or Auger electron spectroscopy 
(AES). 
3.2. Growth and Characterization of AIN film on SiC substrates by MBE 
The initial stage of AIN growth is critical to the epitaxial film quality [Okumura, 
2010; Okumura, 2011]. Usually, in MBE systems, with nitrogen plasma sources, 
there is small amount of active nitrogen species reaching the substrates even 
with a closed shutter in front of the plasma source. The unintentional exposure of 
SiC surface to nitrogen plasma is detrimental to the epitaxial growth due to 
possible formation of Si-N bonds. Thus, the initial AIN growth is important in 
heteroepitaxy on SiC. Three-dimensional (30) growth will result in 
inhomogeneous lattice relaxation and generation of threading dislocations. 
Gallium is considered to be the proper surface surfactant because of its high 
adatom mobility at the AIN growth temperature and tendency to segregate (since 
AIN formation is more thermodynamically favorable than GaN). Layer-by-layer 
growth mode during the initial stage of AIN growth on SiC was reported to be 
achieved with Ga pre-deposition [Okumura, 201 0]. 
In view of this, the following procedures were adapted for the AIN nucleation 
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on SiC: Following the Ga flushing process for the removal of oxides from the SiC 
surface, the substrate heater, the AI and Ga effusion cells were set at the 
operating temperatures. The BEP of AI bottom cell was found to be 5.8x1 o-7 Torr 
for the growth of stoichiometric AIN films, with the N plasma source tuned at 
300W and the nitrogen flow rate at 1.2sccm. These conditions lead to the growth 
of AIN at a rate 350nm/hr. The AI bottom effusion cell temperature was 
determined from the Arrhenius plot of the BEP vs. 1/T. To strike the plasma we 
have established a nitrogen flow rate of 1.2 seem and raise the source power 
usually to about 350 - 400W. When the plasma was initiated the plasma source 
was detuned and the reflected power increased by about an order of magnitude. 
At this point a Ga flux of BEP 5x1Q-7 Torrwas deposited on the SiC substrate 
surface for 5 seconds. We were also able to stabilize theN plasma within this 
time frame. 
Right after the Ga deposition on the SiC surface, the (3x 1) RHEED 
reconstruction pattern became (1 x1) and kept the same during AIN growth. The 
AIN films were grown under Al-rich conditions by careful control the II IN ratio 
slightly over one to avoid forming AI droplets and the RHEED pattern was bright 
and streaky. 
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Figure 3.5- RHEED patterns of AIN surface under N plasma after growth 
Figure 3.6- AFM surface morphology of a 0.5-J..Im-thick AIN film grown on an on-
axis 6H-SiC substrate 
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At the end of growth the AI shutter was closed but the N plasma shutter was 
left open. Under these conditions the RHEED pattern quickly became bright with 
(3X1) reconstruction (see Figure 3.5), which is an indication of the good epitaxial 
relationship between SiC and AIN. 
The AFM surface morphology of this 0.5-IJm-thick AIN film is shown in Figure 
3.6. This AIN film was grown uninterrupted on an on-axis 6H-SiC substrate for 
1.5 hours. AIN atomic steps with distortions and domains are vaguely seen, 
suggesting an unstable step growth mode. Nonetheless the film is atomically 
smooth with an RMS roughness of 0.25 nm. 
In this study, we used XRD to estimate the screw and edge type threading 
dislocation densities (TDD). The tilt and twist angle of the crystalline film are 
related to screw and edge dislocations respectively. The dislocation density of 
this film was estimated by measuring the x-ray rocking curves of (0002) and 
(1 012) diffraction spots and fitting the data to the formula: 
N = 132 I 4.35 b2 
where N is the dislocation density, b is the magnitude of the Burgers vector and 13 
is the FWHM of the x-ray rocking curve. This method of estimation was also 
cross-checked with transmission electron microscopy and cathodoluminescence 
images [Metzger, 1998; Ban, 2011]. In this AIN film, (0002) FWHM of 88 arcsec 
and (1 012) FWHM of 1081 arcsec were measured. From these we estimate that 
the density of screw dislocations is 1.69 x 107 cm-2 and that of edge dislocations 
is 6.53 x109 cm-2. 
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This edge TOO result is one order of magnitude higher than the best result 
reported in the literature. It is reported that for a 300nm AIN film grown 6H-SiC 
the density of edge TOO is as low as 4 x1 08 cm-2 [Okumura, 2011]. A major 
cause of this difference is the SiC substrate surface. As mentioned in section 
3.1.3, 2H-AIN films grown on the random bilayer 6H-SiC surface form SMB, 
leading to the formation of edge dislocations. H2 etching at 1600°C was capable 
of creating three- or six-bilayer steps on 6H-SiC surface [Nakajima, 2005] , 
eliminating SMB formation . In the brief collaboration with Dr. Katherine S. 
Ziemer's group, accurate temperature control of H2 etching was found to be 
critical for this process. Thermal annealing apparatus using tungsten heater or 
the similar could be used for future work. 
On the other hand , screw dislocations are non-radiative recombination 
centers, detrimental to the performance of optoelectronic devices [Albrecht, 1999; 
Abell, 2008b; Moustakas, 2012c] . With screw dislocation density decreased to 
the order of 107 cm-2, we would expect to see improved IQEs. 
3.3. AIGaN MQWs grown on SiC vicinal substrates 
Vicinal substrates are widely used in semiconductor materials, to enhance 
step-flow growth and reduce dislocation densities [Shen, 2005]. In this study, all 
investigated AIGaN MOWs were grown on similar AIN templates on 6H-SiC 
substrates with various miscuts (0 .09° , 3.4° and 7.8°) towards the <11-20> 
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direction. The AIGaN MOWs consist of 60 periods of 6nm AIN barriers and 1.5nm 
Alo.7Gao.3N wells. 
Figure 3. 7 - FESEM images of MOWs on SiC substrates with various miscuts. (a) 
on-axis, (b) 3.4° miscut and (c) 7.8° miscut 
The surface morphology of the films was investigated using SEM and AFM. 
Figure 3.7 shows the surface morphology of AIGaN MOWs grown on SiC 
substrates with these miscuts. The surface morphology of AIGaN MOWs on SiC 
substrates with 3.4° and 7.8° miscuts formed macro-steps with heights of about 2 
to 4 nm, as measured by AFM. The length of the terraces in these macro-steps 
becomes larger as the miscut of the substrate becomes smaller. Since the 
substrate surface is inclined towards the <11-20> direction, different growth rates 
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of the nitride crystal planes (M-plane and A-plane) result in the zigzag shape of 
the step edges [Shen, 2007; Turski, 2013]. On the other hand, macro-step 
surface structure is completely absent in the sample grown on the substrate with 
0.09° miscut (practically on axis). Metal-rich growth of AIGaN films by MBE is in 
kinetic-limited regime [Xie, 2006]. With inherent instability in the film growth 
kinetics of heteroepitaxy on vicinal substrates, step bunching occurs when the 
growth thickness r > Tc and average terrace width L < L. [Yoon , 2007]. Here r is 
film thickness, Lis average terrace length , F is deposition flux/growth rate and C1 
is dimensionless parameter, depending on diffusion constant of adatoms on 
terraces D, misfit strain E and etc. (in Figure 3.8) However, the experimental data 
on AIGaN growth kinetics is limited, making accurate prediction of the critical 
values difficult. In order to avoid step bunching, substrates with small vicinal cuts 
and limited growth thickness need to be chosen. 
step bunching step flow 
j L=L* 
log(L) 
Figure 3.8 - Schematic diagram of critical thickness Tc as a function of average 
terrace width L [Yo on , 2007] 
These macro-steps formed by step-bunching increase surface roughness 
and would improve light extraction from the surface, but will be unfavorable for 
electron beam pumped edge emitting laser design due to its disturbance to 
waveguiding. 
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CHAPTER4 
OPTICAL PROPERTIES OF ALGAN MQWS AND DHS 
In order to develop electron beam pumped deep UV emitters, in this chapter, 
IQE and gain properties of multiple quantum wells and double heterostructures 
based on AIN/AIGaN materials were investigated. These structures were grown 
under metal-rich conditions on SiC substrates by plasma-assisted MBE. With 
excessive Ga coverage in the growth front, the growth mode became liquid 
phase epitaxy instead of physical vapor phase epitaxy. The optical properties of 
MOWs were found to be strongly related to the growth conditions. 
4.1. Design of AIGaN based structures for EBP emitters 
In the design of active region of AIN/AIGaN based structures for EBP edge 
emitter electron beam excitation volume/depth needs to be considered first. Here 
software CASINO v2.48 (available online http://www.gel.usherbrooke.ca/casino/) 
was used to model electron beam interaction with solids. Base on Monte Carlo 
simulation of a large number of electron trajectories in solids with certain 
densities of atoms, electron beam energy deposition as a function of depth can 
be generated by this software. Models of multilayer structures as the actual 
devices were built in this simulation: For deep UV emissions, the active region 
could be made of bulk AIGaN, AIN/AIGaN MQWs, AlxGa1-xN/ AlyGa 1_yN MQWs 
(x>y) and so on. On top of the active region, 100 nm AIN cap was grown for 
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optical confinement and then and 10 nm th ick Ti was deposited for conducting 
charges away (as shown in Figure 4.1 ). 
In the electron gun design of AIGaN based EBP edge emitters, the 
acceleration voltage of electron beam is fixed at 10 KeV. The electron beam 
spots are in rectangular shape with dimensions in the order of 10 !Jm. Thus the 
lateral energy distribution could be neglected. 
The densities of AIN and GaN were 3.26 g/cm3 and 6.15 g/cm3 respectively, 
and the density of AIGaN was interpolated by Vegard's law. 
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function of depth in various active regions 
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As shown in Figure 4.1, there are three types of active region considered: 
bulk AIN, bulk AI0_7Ga0.3N and MOWs consisting of 40nm AIN barrier and 1.5nm 
AI0_7Ga0.3N well. With only 1.5nm Alo.7Gao.3N in every 41.5 nm period, MOWs are 
very close to bulk AIN in terms of AI and Ga composition. The 10 KeV electron 
beams deposit most of its energy in the topmost 600 nm layers in both cases. 
For bulk A10.7Ga0.3N, with increased density of Ga atoms, electron beam 
excitation depth decreased by about 100nm. In conclusion, the ideal width of 
active region (with fixed 100 nm AIN cap) should be between 400 and 500 nm. It 
is also worth mentioning that the spikes in the curves were artifacts created by 
simulation software as we can see them even in AIN/AIN interfaces. 
4.2. AIGaN MQWs and DHs with high IQE 
Internal quantum efficiency is essential to device power efficiency of LEOs 
and EBP emitters. It is defined as the ratio of numbers of photons emitter from 
active region to numbers of injected carriers. In this study IOE was estimated by 
measuring the temperature dependence of the photoluminescence (PL) spectra 
with a He-Ag metal vapor laser emitting at 224 nm. The IOE of the investigated 
structures at room temperature was determined by dividing the integrated PL 
intensity at room temperature (RT) by that at 11 K, assuming that the 
recombination at 11 K is 100% radiative. 
54 
The films investigated were grown on (0001) 6H-SiC and 4H-SiC substrates 
with various miscuts. Immediately after the nitrogen plasma was ignited, film 
deposition was initiated by first growing a 400-nm-thick AIN film at 800°C. The 
substrate temperature was then lowered to 700°C, and both double 
heterostructures (DHs) and MOWs were deposited using excess Ga flux. For 
DHs, a 300-nm-thick Alo.?Gao.3N film was sandwiched between the 400 nm AIN 
buffer layer and the 50 nm AIN capping layer. The MOWs consisted of 1.5 nm 
A10.7Ga0.3N wells and AIN barriers of variable thickness. The number of QWs and 
the thickness of the AIN barriers were adjusted so that the total thickness of the 
MQWs was about 400 nm. 
Fig. 4.2 shows the RT normalized CL spectra for several identical AIN 
/A10.7Ga0.3N MQW samples, where the only difference between the samples is 
the amount of excess Ga used during growth of the Alo.7Ga0.3N wells. All of the 
MOWs have identical optical gaps since the composition and thickness of the 
wells and barriers are identical. However, the peak emission shifted from 230 nm 
to 251 nm as the Ga flux during growth of the wells increased. This large Stokes 
shift of the emission spectra is strong evidence that growth under excess Ga 
introduces band structure potential fluctuations. These results are consistent with 
the LPE mode of growth as discussed in the introduction chapter. 
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Figure 4.2 - Normalized RT CL spectra of several identical A10.7Ga0.3N/AIN 
MOWs samples grown on on-axis 6H-SiC substrates with different excess Ga 
during growth of the Alo.7Gao.3N wells. 
To determine the IQE, the PL spectra of the DH were investigated as a 
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function of temperature and the data are shown in Figure 4.3. The IQE, obtained 
by dividing the PL intensity at RT with that at 11 K, was found to be 43%. This 
figure is about two orders higher than for bulk high-AI-content AIGaN films 
reported by Chichibu [Chichibu, 2006]. This remarkable result is consistent with 
the LPE mode of growth, which introduces band-structure potential fluctuations 
and thus efficient radiative recombination occurs even at RT. 
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Figure 4.3- (a) PL spectra of sample #5 AIN/ Alo.7Gao.3N /AIN DH as a function of 
temperature ; (b) Integrated PL intensity as a function of 1fT. 
Similar temperature dependence studies of PL were also carried out on 
several AIN /AI0.7Ga0.3N MOW samples, and the results fo r one of the samples 
are shown in Fig. 4.4. The origin of the observed temperatu re dependence of the 
PL intensity at low temperature is not known at this time. If the IQE at room 
temperature is estimated by dividing the PL intensity at RT with that at 11 K, then 
the IOE for this sample is close to 73%. Instead, we have estimated the IOE by 
dividing the PL intensity at RT with that which corresponds to the peak of this 
curve (at 180 K) and found an IOE of 60.9%. Table 4.1 shows a summary of all 
samples in which the IOE was investigated. As seen from this table, the MOWs 
structures have higher IOEs than the DHs, a result that is expected due to 
additional 20 confinement in the wells. The IOE of the AIGaN /AIN MOWs varies 
from 61 to 68 %. 
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Figure 4.4 - (a) PL spectra of sample #1 Alo.7Gao.3N/AIN MQW as a function of 
temperatu re; (b) Integrated PL intensity as a function of 1fT. 
Table 4. 1 - Summary of Investigated AIGaN structures 
Sample Structure Substrate PL peak at RT IQE 
#1 MQWs 3.5° miscut 6H-SiC 245 nm 61% 
#2 MQWs 3.5° miscut 6H-SiC 240 nm 62% 
#3 MQWs 3.5° miscut 6H-SiC 245 nm 68% 
#4 MQWs on-axis 4H-SiC 255 nm 59% 
#5 DHs 3.5° miscut 6H-SiC 251 nm 43% 
#6 DHs 4° miscut 4H-SiC 242 nm 25% 
In summary, AIN/ Alo.7Gao.3N /AIN DHs and Alo.7Gao.3N /AIN MQWs were 
grown on 6H-SiC and 4H-SiC substrates of different miscuts by RF plasma-
assisted MBE. The red shift of the CL spectra of the MQWs that is associated 
with the amount of excess Ga present during growth of the wells is consistent 
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with introduction of band-structure potential fluctuations caused by the change of 
the growth mode from physical vapor deposition to liquid phase epitaxy. 
Correspondingly, the introduction of band-structure potential fluctuations leads to 
RT IQE for the MQWs equivalent to those of lnGaN MQWs. Overall; these 
results suggest that AIGaN alloys and their QWs will lead to high efficiency deep 
UV emitters (LEOs and lasers). 
4.3. Optical gain of AIN/AIGaN MQWs 
Material gain G results from stimulated emission of materials being pumped 
to the state of population inversion. Unlike spontaneous emission where 
electrons decay and emit photons without external influence, in the case of 
stimulated emission, excited atoms acting as a small electric dipole oscillate in 
external electric field and accelerate electrons decay to low energy levels with 
emission of photons in the same phase as incident photons. This process 
amplifies the emission light intensity. Material gain G refers to the magnitude of 
this amplification. 
To develop AIGaN based MQWs for EBP edge emitting laser, besides 
developing on growth of films with material gain, there are two other factors that 
need to be considered for minimizing the threshold current density of electron 
beams: (a), if assuming all the excited carriers will fall into the quantum wells, the 
less number of quantum wells, the easier it will be to reach the threshold, and (b), 
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with decreasing number of quantum wells, the average index of refraction in the 
MQWs will get close to that of AIN cladding layers, and thus there will be less 
optical confinement in the structure. In order to get amplified emission from this 
structure, the following equation has to be satisfied: 
Here Gth is the minimum material gain needed, Om and ap are mirror loss and 
propagation loss respectively. r is the optical confinement factor. 
To find the optimized number of quantum wells, threshold carrier densities for 
various structures were calculated by my colleague Yin Jian . In this calculation, 
software Beam PROP was used to calculate the optical confinement factor and 
optical losses. Material gain spectrum as a function of carrier density was 
obtained by Software Nextnano [Chuang, 1996]. Software CASINO was also 
used to simulate the electron beam energy deposition. As shown in Figure 4.5, 
with fixed width 447nm for active region , 1.5nm Alo.7Gao.3N as quantum well and 
AIN as quantum barrier, the minimum injection current density can be achieved 
by using only 10 QWs in the active layer. 
In this study films were grown on (0001) 6H-SiC with small vicinal miscut 0.2° 
to avoid the macro step formation on the surface. MQWs with a 500-nm-thick AIN 
template were grown under metal-rich conditions without interruptions. The 
substrate temperatures were fixed around 790°C (with changed thermocouple 
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Figure 4.5 - Injection current density as a function of the number of OWs while 
keeping the MOW region equal to 447nm and well thickness equal to 1.5nm. The 
well material is Alo.7Gaa.3N, the barrier material is AIN. 
controller calibration). Excessive Ga was used in both samples. Sample A 
consists of AIN/ Alo.7Gaa.3N MOWs. Sample B consists of Alo_gGao.1N I AI0_6Ga0.4N 
MOWs and In was used as surfactant during its growth. In both case, the MOWs 
consisted of 10 pairs of 1.5 nm wells and 40nm barriers. 
We observed dim and streaky RHEED patterns through the entire growth, 
indicating metal-rich conditions. As in figure 4.6, AFM images showed smooth 
surfaces with no uncoalesced features for both samples. The RMS roughness of 
sample A and 8 with 10 IJm x 10 j.Jm AFM scan is 0.762 nm and 0.551 nm 
respectively. 
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Figure 4.6 - AFM surface morphology of MOWs grown on 6H-SiC substrates. (a) 
sample A (b) sample B 
Cathodoluminescence spectrum of sample A was measured with 
spontaneous emission peak at 242nm. A monochromatic CL image of the 
sample A at the peak emission wavelength of 242 nm is shown in Figure 4.7(a). 
This image indicates spatial non-uniformities on a submicron scale , consistent 
with the previously discussed formation of clustering and band structure potential 
fluctuations in AIGaN alloys grown by the discussed method . Figure 4.7(b) shows 
a high-angle annular-dark-field (Z-contrast) electron micrograph cross section of 
the same sample. The enlarged image in panel (c) reveals nanocluster-like 
features within the AIGaN layer. The typical size of the nanoclusters in this image 
is approximately 2 nm in the plane and 1.5 nm (the well thickness) in the growth 
direction , suggesting quantum dot behavior. However, given the high 
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Figure 4.7- (a) Room temperature monochromatic cathodoluminescence map of 
sample A at 242 nm indicating spatial non-uniformities on a submicron scale , (b) 
highangle annular-dark-field (Z-contrast) electron micrograph showing cross 
section of sample A, and (c) enlarged image revealing cluster-like features within 
AIGaN layer. 
inhomogeneities observed in magnification (i.e., small spatial extent) of this 
micrograph and the longer-range inhomogeneities observed in Figure 4.7 (a), we 
are unable to estimate the actual density and average size of these nanoclusters. 
Further structural studies will, therefore, be required to fully characterize the 
possible role of 30 quantum confinement in these samples. 
In Figure 4.8 (a), with spontaneous emission peak found at 251 nm, room 
temperature CL map of sample B showed almost homogeneous emission. Cross 
section TEM images (in Figure 4.8 (b) (c)) revealed well defined homogeneous 
quantum wells . 
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Figure 4.8 - (a) Room temperature monochromatic cathodoluminescence map of 
sample Bat 251 nm, (b) cross section TEM image of sample B, and (c) High 
resolution cross section TEM image 
Detailed gain properties of these samples were studied. The samples were 
pumped by 150 fs laser pluses at 220nm with maximum fluence of 60 j.JJ/cm2 . 
First we studied the pump fluence dependences of edge emission. The edge 
emission intensities were divided by their pump fluence for rescaling. In Figure 
4.9 (a), the emission spectra were taken with various pump fluences with peak 
emission at 251 nm. With increasing pump fluence, the rescaled edge emission 
sample B decreases, indicating sub-linear behavior. This showed absorption in 
sampled B with homogeneous wells. On the other hand, the edge emission 
64 
intensities of sample A with emission peak at 242nm showed a clear super-linear 
dependence on pump fluence. More interestingly we observed blue shifting in 
peak position with increasing pump fluence . The spectra of sample A were then 
fitted with Gaussian function to determine peak positions and the full width half 
maximum as shown in Figure 4.1 0. 
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Figure 4.10- Pump fluence dependence of Peak position (black dots, left side 
axis) and FHWM (red circles, right side axis) of the edge emission spectra of 
sample A [Pecora, 2013] 
With increasing pump fluence, the FWHM of edge emission spectra 
decreases from 12.5 nm to 8.5 nm and the peak position shifts from 5.00 eV to 
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5.09 eV. The superlinear dependence of edge emission intensity of sample A on 
pump fluence and the peak position blue-shifting and narrowing of spectrum 
FWHM with increasing fluence are clear signs of stimulated emission. The 
relation between FWHM and the inverse of peak emission intensity was also 
found to linear, which agrees with the Schawlow-Townes relation for stimulated 
emission [Schawlow 1958; Cloutier, 2005]. On the other hand, no peak position 
shifting or spectra narrowing were found is sample B, consistent with its sublinear 
behavior with various pump fluences. 
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Variable-stripe length (VSL) scans under different pump fluence values as a 
function of the excitation length were performed to measured gain coefficients 
(Figure 4.11) [Pecora, 2012a]. A fit using the model described in chapter two has 
been performed, carefully ensuring constant intensity along the pumping volume, 
which limits the length of the VSL scans to approximately 250 IJm (i.e., for a 
longer excitation length, the assumption of constant pumping efficiency is no 
longer valid) [Dal Negro, 2004; Frankowsky, 2006]. The blue line in the Figure 
4.11 corresponds to sample A while the green red and black lines correspond to 
sample B. Absorption/gain spectra measured at the highest pump fluence for 
sample A (blue) and B (red) were also plotted in Figure 4.12. At the maximum 
pump fluence 60 j.JJ/cm2 , the curvature of the VSL trace for sample A was 
positive, indicating optical gain in the material. A modal gain of 110 cm-1 was 
extrapolated from sample A at the maximum pump fluence. Note additionally that 
the optical confinement factor of our sample is of the order of 1%. As already 
reported in the literature [Frankowsky, 1996], this does not prevent light 
amplification in a VSL configuration, but the material gain is expected to be 
significantly higher than the measured net modal gain. On the other hand, with 
maximum pump fluence, the gain coefficient of sample B with homogenous wells 
was measured to be negative (shown in Figure 4.12), indicating its absorption 
nature at least below pump fluence 60 j.JJ/cm2 . Additionally for sample A in Figure 
4.12, the gain became zero at 266 nm (4.66 eV) in the long wavelength side of 
the spectrum, representing the effective energy gap in this material. 
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Figure 4.11 - VSL traces collected at the peak wavelength at different pump 
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Figure 4.12 -Absorption/gain spectra measured at the highest pump fluence for 
sample A (blue) and sample B (red). [Pecora, 2013] 
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With gain values measured as a function of pump fluence, it is found that for 
sample A the estimated gain threshold is around 5 ± 1 1-1J/cm2. Considering a 
typical absorption coefficient of 1 05 cm-1 at wavelength 241 nm [Brunner, 1997], 
and assuming that each photon generates an electron-hole pair, we can estimate 
the upper bound for the density of optically excited carriers at gain threshold to 
be of 1.4x1 017 cm-3. This is an extremely small value for a quantum-well gain 
medium. In fact, for a defect-free quantum well system with the layer thicknesses 
and compositions used in this study, we compute a transparency carrier density 
of about 3.9x1Q19 cm-3. This is much larger carrier density than what current 
pulsed laser can pump, consistent with the negative value of gain measured for 
sample B. However, for sample A, we noted its limited active area from CL 
monochromatic map and quantum dot like features from cross section TEM 
images. Our experimental results are therefore consistent with the presence of 
nanoclusters originating from compositional inhomogeneities in the well layers, 
which can be inverted using significantly lower carrier densities due to their 
limited area coverage and possible contribution from in-plane quantum 
confinement effects. In conclusion, comparing the structure and gain properties 
of these two samples, one can find the strong correlation between compositional 
inhomogeneity and material gain. 
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4.4. Polarization properties of optical gain in Al-rich AIGaN MQWs 
As discussed in the introduction, the polarization of interband emission light 
switches from TE to TM mode as the AI composition x increases in bulk AlxGa1_ 
xN alloys. This is mainly due to the change of crystal-field splitting energy 11cF 
value from positive to negative. As shown in the equation below, for quantum 
well structures or strained films grown on c-plane, 11' instead of 11CF needs to be 
considered with in-plain strain taken into account. 
11' = 11CF + [D3- D4(C33jC13 )]Ezz 
Here Di and ci are deformation potential and elastic stiffness constant 
respectively, and Ezz is the strain tensor element along the c-axis. Therefore with 
compressive strain in the films, the critical AI composition x for the change of the 
polarization will increase. Since AIN/AixGa1-xN MOW structures, coherently grown 
on AIN templates, would be under compressive strain, and thus, the switching in 
the polarization is expected to occur at higher critical AI composition (x). 
Moreover, quantum confinement effect and internal electric fields induced by 
polarization will further increase the critical AI composition for the switching of the 
polarization from TE to TM mode. It is reported that emission with TE polarization 
was observed for AI composition x as high as -0.82 in AIN/AixGa1-xN MOWs 
coherently grown on AIN substrates [Banal, 2009]. 
Figure 4.13 shows the reciprocal lattice map of an AIN/Aio.7Gao.3N MOWs 
sample with identical structure and growth conditions to sample A. With 1.5nm 
70 
A10.7Ga0.3N in every period of 41.5nm AIN , the average AI composition of MQWs 
is very close to its AIN template. With little elongation along H miller index axis 
(corresponding to in-plane lattice constant), the relaxation of this MQWs structure 
to AIN template is estimated to be minimal. Polarization properties of edge 
emission from this sample were studied by Dr. Emanuele F. Pecora [Pecora , 
2012b]. The ASE spectra were recorded with TE and TM polarization as shown 
in Figure 4.14 (a), the emission from this MQWs structure was found to be 
mainly TE polarized . Furthermore, gain spectra in Figure 4.14 (b) were measured 
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Figure 4.14 - (a) ASE spectra recorded for the TE (red) and TM (black) 
polarizations, under a pumping fluence of 15 1JJ/cm2 (b) Net modal gain spectra 
versus the emission energy for the TE (red squares) and TM (black dots) 
emissions [Pecora, 2012b] 
with the VSL method for both TE and TM polarization. The optical gain in this 
material was unambiguously determined to be TE polarized. These results were 
consistent with polarization studies in the literature. 
CHAPTERS 
DEVELOPMENT OF ALGAN BASED UVLED 
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Deep ultraviolet light emitting diodes (UV-LEDs) based on AIGaN have a lot 
of promising applications. However, since the inception of research on this topic, 
deep UV-LEDs based on AIGaN alloys have been reported to be very inefficient. 
To date, UV-LEDs emitting at wavelength below 300 nm with EQE as high as 
10% has been demonstrated [Shatalov, 2012], which is still quite low compared 
to 50% or higher for blue LEOs. This is due to a lot of fundamental materials 
issues in AIGaN related to three different aspects of efficiency of UV LED 
devices: internal quantum efficiency, current injection efficiency and light 
extraction efficiency. Most of the research groups worldwide use metalorganic 
chemical vapor deposition (MOCVD) method to produce UV-LEDs. Different from 
the earlier reports that AIGaN alloys have a low IQE, our group has 
demonstrated that AIGaN multiple quantum wells (MOWs) produced by plasma-
assisted MBE can have IQE as high as 50% at 250 nm [Bhattacharyya, 2009]. In 
this chapter we report the growth of deep UV LEOs emitting at 330 nm by 
plasma-assisted MBE. 
The deep UV LED structures were grown on to (0001) sapphire substrates by 
Varian Gen-II MOD MBE system .. Si and Mg dopants were used for n- and p-
type doping respectively. 
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Figure 5.1 -Schematic view of fabricated UV LED device 
73 
The epitaxial structure for these devices is schematically shown in Figure 5.1. 
At first , the sapphire substrate was nitridated by exposure to active nitrogen to 
convert the surface layers from AI203 to AIN. Following this step a 1.5 1-1m thick 
AIN template was grown followed by n-type AIGaN. An embedded highly doped 
n-AIGaN layer (Si concentration at about 1 x1 019 cm-3) was used for n-contact 
layer. The active region consists of an Alo.3sGao.6sN/Aio.4sGao.ssN quantum well 
and an AIO.ysGa0.25N electron blocking layer (EBL) doped with Mg. The 
composition and thickness of the EBL were optimized in order to best block 
electron overflow into the p-type region. The final structure is capped by a p-
AI0.4Ga0.6N layer and p-GaN contact layer. 
The deep UV LED devices were fabricated using standard photolithography 
techniques. The samples were etched in inductively coupled chlorine plasma to 
form 300 1-1m x 300 IJm square mesa structures. As n-contact we had employed a 
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multilayer consisting of V (2 nm)/AI (80 nm)N (20 nm)/Au (1 00 nm) stack 
annealed to 800 °C. A thin Ni/Au layer was deposited on the top of the mesa to 
form a contact to p-GaN and a thicker Au pad was deposited in the corner of the 
mesa. 
Figure 5.2 shows the electroluminescence (EL) spectra of a single diode 
emitting at 330 nm under DC injection currents at 20 rnA. A well-defined single 
peak emission is obtained indicating excellent material quality of the AIGaN epi-
layer. Figure 5.3 shows the 1-V characteristics of this device of up to 30 rnA 
injection current. It is expected that the voltage can be further reduced by 
optimizing the growth condition of the p-type layers. In summary, a prototype UV-
LED device using MOWs with potential fluctuations was demonstrate 
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CHAPTER 6 
AIGaN-BASED THZ EMITTERS AND DETECTORS 
6.1. Introduction 
In recent years radiation in the terahertz (THz) spectral region was found to 
have a large number of potential applications due to its unique properties. First, it 
can penetrate most non-metallic materials. Second, there are vibration modes 
resonating with radiation in THz frequency region in many compounds and 
biological molecules, which act as "fingerprints" in THz spectroscopy or imaging. 
Third, it is non-ionizing to samples of interests due to its low photon energy and 
thus provides for a non-destructive way for testing various materials. With these 
properties THz technology is found to be useful in many areas including product 
quality control, biomedical imaging, detection of explosives and bio-agents, 
material characterization and telecommunication [Lucyszyn, 2013; Tonouchi, 
2007]. 
The development of THz optoelectronic devices (emitters, detectors, 
modulators etc.) is challenging, because there is no semiconductor material that 
has small enough energy gap. An alternative solution is to use intersubband 
(ISS) transitions with appropriately designed quantum structures. Specifically, 
with quantum structure dimensions comparable to de Broglie wavelength of 
carriers, energy subbands with desired ISS transitions can be engineered by 
varying the composition of the wells and barriers (valence or conduction band 
offsets) and I or layer thickness [Sudradjat, 2012a]. 
Quantum cascade lasers (QCLs) and quantum cascade detectors 
77 
(QCDs) are common ISB optoelectronic devices for THz light emission and 
detection. In QCLs, electrons are injected from high energy subbands, emitting 
photons with ISB transitions to low energy subbands before tunneling to the high-
energy subband in the next structural period. Unlike laser diodes where electrons 
and holes recombine and emit photons, electrons in QCL undergo a series of ISB 
transitions without being annihilated, making its quantum efficiency much greater 
than unity. 
On the contrary, in QCDs electrons are brought to excited states through ISB 
absorption in the "active region" of a typical QCD period, and then transferred to 
the ground state in next period through delocalized excited states in a series of 
phonon relaxations. Therefore QCDs can operate with no bias. On the other 
hand, quantum well infrared photodetectors (QWIPs) also have electrons excited 
from ground state in the "active region" but rely on external bias to move 
photocurrent through excited subbands [Sudradjat, 2012a; Gomez, 2008]. Study 
of QCL and QWIP devices is the main focus of this research. 
In mid-infrared range, QCLs and QCDs have been successfully made using 
the GaAs/AIGaAs material system due to its well-developed growth techniques 
and crystal quality. However, the GaN/AIGaN material system has several 
advantages over GaAs/AIGaAs for THz optoelectronic device. First, GaN and 
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GaAs are both polar crystals in which the transverse-optical lattice vibrations are 
coupled with photons in the THz range, thus their reflectivity is nearly 100% and 
no light propagation will be allowed in the frequency region Wro < w < WLO. This is 
called reststrahlen band. Here wro and WLO represent the long wavelength limits 
of frequencies of transverse and longitudinal phonons respectively [Grosso, 2013; 
Seeger, 2004]. The reststrahlen band of GaAs/AIGaAs material is near 8 - 9 THz 
frequency range where that of GaN/AIGaN material sits between 16- 22 THz. 
This makes the GaN/AIGaN system more versatile in the 0.3- 10 THz frequency 
range of interest. Furthermore, the magnitude of the LO-phonons determines 
whether these devices can operate at room temperature. This is because 
electrons in excited states will relax through phonon scattering in picoseconds, 
making population inversion in QCLs and photocurrent generation in QCDs very 
difficult. Recent Monte Carlo simulations (Bellotti et al. , 2008, 
2009) have shown that with three times higher LO-phonon energy (vLO > 22 THz 
& vro > 17 THz) than that of the GaAs/AIGaAs system, the GaN/AIGaN THz 
optoelectronics will have significantly improved performance at high 
temperatures [Sudradjat, 2012a]. This studies have also shown that GaN/AIGaN 
QCLs are possible to operate at room temperature, while similar devices based 
on the GaAs I AIGaAs system can operate only at cryogenic temperatures. 
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6.2. GaN/AIGaN based THz emitters {QCLs) 
6.2.1. THz Emitter design 
The "transfer matrix method" was used to solve the Schrodinger and Poisson 
equations self-consistently. By specifying layer thickness, AI mole fraction in 
AIGaN alloy, doping concentration and external bias as inputs, Matlab codes 
developed by Professor Paiella's lab are used to compute the conduction band 
profile, bound-state energies/wave functions and electric dipole moments. The 
commercially available software Nextnano is also used to study the energy band 
line up and device's charge distribution. All simulation and design work in this 
chapter was done by Dr. Faisal Sudradjat. 
Two different coupled GaN/Aio.1sGao.asN quantum wells structures were 
studied (samples V2520 and V2701 ). The nominal numbers of mono layers (Mls) 
for Alo.1sGao.asN and GaN in one period follows the sequence 12, 13, 7, 9, 9, and 
.1§ in structure A (sample V2520) and 9, 18, 4, 9, 10, and 19 in structure B 
(sample V2701). Here numbers in bold represent the Alo.1sGao.ssN layer and the 
rest are GaN layers, the last number underlined represent n-doped GaN with 
intended Si concentration around 5x1Q10 cm-2. 
Figure 6.1 showed the conduction band profile of structure B. Under external bias, 
energy state 12> in one period and energy states 11 > and 13> in next period are 
very closely aligned in terms of bound-state energies. Electron in state 12> can 
be depopulated into the next period of the structure. The spatial overlap of state 
12> and 13> wave functions make optical transition between the 
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Figure 6.1 -The calculated conduction band profile, and bound-state energies/ 
wave functions of structure B with external bias F= -31 kV/cm. 
two viable. Electrons in state 12> emit photons of energy liwap = t£32 = 41. ?meV 
(vap == 10 THz) through this transition. Different from structure B, electrons in 
structure need phonon assistance for entering into the next period because of the 
bound-state lineup. Structure A was designed to have shorter lifetime (on the 
order of a few hundred femtoseconds) than those in the structure B. Short 
lifetime is favorable to obtain laser action but complicate electroluminescence 
demonstration. More details of the structural design can be found in Dr. Faisal 
Sudradjat' thesis. [Sudradjat, 2012a] 
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Figure 6.2- AFM images of GaN substrates (a) original surface before ICP 
etching, (b) after 151 ICP etching, (c) after 2nd ICP etching 
6.2.2. Growth of GaN/AIGaN structure for THz emitters 
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Gallium nitride films heteroepitaxially grown on sapphire or SiC substrates 
by MBE usually have threading dislocation densities 109 - 1011 cm-2 and other 
defects, which could act as scattering centers and provide alternative current 
paths through quantum wells [Hsu, 2001]. 
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In order to get better film quality, free-standing GaN substrates from 
LUMILOG with dislocation densities 1 - 2x107 cm-2 is used for homoepitaxial 
growth. However, by AFM imaging these wafers' epi surfaces were found to be 
decorated by a network of scratches due to non-ideal polishing techniques. 
Scratches and subsurface damage are often as sites of generating dislocations 
and point defects. To planarize this surface we employ an etch-back method 
developed in our group by [Moustakas, 2012b]. In this method, the GaN surface 
is spin-coated with a layer of photoresist and etched back by a few hundred nm 
deep into GaN using an inductively-coupled plasma (ICP). The ratio of ICP etch 
rate of photoresist to that of GaN can be tuned to 1 by selecting appropriate 
plasma conditions. As shown in Figure 6.2, after repeating this planarization 
process three times, smooth surface with RMS roughness 0.586 nm in 20 x 20 
IJm scale was achieved. Apart from the structural design difference, Sample 
V2701 (structure B) was grown on GaN substrate, which was first planarized as 
described previously while sample V2520 (structure A) was grown on as received 
substrate. 
Prior to loading the substrate in the MBE system the GaN wafers were 
cleaned with solvents (TCE, Acetone, Methanol and Isopropanol) and dipped in 
gooc piranha etch (H2S04:H202=3:1 ). In the growth MBE chamber the GaN 
substrate was annealed to 50°C above growth temperature (700°C). RHEED 
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pattern became slightly spotty few minutes after annealing, which is an indication 
of GaN decomposition at 750 °C. Following this step the substrate was coated 
with Ga and heated to slightly higher temperature for Ga desorption. This 
process was intended to further prepare the GaN substrate for homoepitaxial 
growth by removing any oxides and also annealing out any surface damages 
induced by the high-energy ion bombardment. 
Few hundred nm of n-GaN was grown first to establish the epitaxial growth 
conditions followed by the quantum wells and 200nm n-GaN layer on the top. 
The presence of the Alo.1sGao.asN layers in these coupled QW structures, causes 
the film structure to be under tensile strain, which eventually will lead to 
nucleation and propagation of cracks as the film grows thicker. We found 
empirically that films with 20-30 periods of coupled QWs to be free of cracks. The 
coupled QWs and top n-GaN layer were grown under Ga-rich condition without 
interruptions. 
6.2.3. Characterization results 
Figure 6.3 shows cross-sectional TEM images of both samples 
investigated. These data indicated that both QW structures have abrupt 
interfaces and periodicity in agreement with the original design. The bright parts 
of the images correspond to GaN layers while the dark parts correspond to 
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A10.15Ga0.85N layers. The thickness variation of the layer is within 1 ML at this 
growth rate from Figure 6.3 (b)(?). Additionally, in low magnification TEM images 
indicate that threading dislocations often penetrate though the MQW region into 
the n-GaN capping layer, which might provide a leakage path for injected current. 
Figure 6.3- Cross-sectional TEM images of the periodic multiple-OW (a) (b) 
V2520 (structure A) and (c) V2701 (structure B) studied in this work. 
ICP etching was used to form mesas of 450x400 1-1m2 in size. Ohmic contacts 
were formed to n-GaN both on the top and the bottom of the mesa using a metal 
stack of Ti/Aiffi/Au. The specific contact resistance of the contacts was of the 
order of 1 o-4 O·cm2 and thus, it can be ignored in 1-V characteristics of these 
devices. The devices were mounted to the cold finger of liquid-helium-cooled 
cryostat for low temperature measurements [Sudradjat, 201 0]. 
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Figure 6.4- Temperature dependent 1-V characteristics measured from a device 
with structure B with pulsed voltages (a) at forward bias and (b) at reverse bias. 
From topmost to bottommost in plot (a) and (b), the four curves are measured 
respectively at the temperature of 20, 100, 200, and 280. Plot (c) is differential 
resistance against the absolute value of voltage derived from the measured 1-V 
curves at 20 K. The dotted line corresponds to forward bias while the solid line 
corresponds to reverse bias (Positive bias is defined as from device top to 
bottom) 
1-V characteristics of sample V2701 (structure B) shown in Figure 6.4 was 
measured in various temperatures with pulsed voltage supply with small duty 
cycle 0.4% to avoid heating. These 1-V characteristics provide evidence of 
electron tunneling transport in these devices. First, the 1-V is non-linear with high 
resistance near zero bias. With increasing positive bias value, the differential 
7 
resistance measured at 20K in Figure 6.4(c) first decreases to low resistance and 
then increases. The calculation of bound-state wave function and energies also 
showed that around bias 1.6V (both positive and negative directions) the bound 
state 12> is energetically aligned with bound-state 11 > and 13> in the following 
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period, allowing electron tunneling to happen and lowering differential resistance. 
Second, the turn-on voltage became smaller as temperature increases, which 
can be explained by the thermally broadened subbands. These strong 
agreements between theoretical calculation and 1-V characteristics proved that 
electron tunneling transport is viable in this QCL structure design. 1-V 
characteristics of devices with structure A were also measured. However, 
differential resistance decreases monotonically vs. voltage. It is likely that 
Interface scattering might be the reason that prevented the devices of both 
structure A and B from undergoing negative resistance near voltages where the 
subbands are energetically aligned [Unuma, 2003]. Moreover, in the design of 
structure A, large energy separation between states requires LO-phonon 
scattering to be involved in the transport. Besides the structural design difference, 
the planarization of GaN substrate should also help the devices with structure B 
to have better performance. 
Electroluminescence results measured by a Fourier transform infrared 
spectrometer with a Si bolometer are shown in Figure 6.5. These broad spectra 
centered at the expected wavelength (hv = 42 meV) were measure for sample 
V2701 (structure B) at 20K under reverse bias. However, the emission is too 
weak to be attributed unambiguously to ISB transitions when considering the 
possible existence of other mechanisms such as electron gas heating. 
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Figure 6.5 - Far-infrared electroluminescence spectra measured from a device 
with structure 8 at 20K 
6.3. GaN/AIGaN-based THz detectors (QWIPs) 
6.3.1. THz Detector Design 
Based on the operating principles of QWIPs, which were discussed in the 
introduction of this chapter, the important parameters in the design of such 
devices is to maximize the oscillator strength of the absorbing ISB transitions (i.e. 
the spatial overlap between ground state and excited state wave functions) and 
to collect the produced photocurrent effectively. For efficient electron transport it 
would be ideal if the electrons are directly excited to the continuum through 
absorption transitions, but the spatial overlap of wave functions in this case will 
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become small. To solve this problem, the best solution is to have the first-excited 
subbands close to the band edge of the barriers [Levine, 2013]. 
The challenge to design QWIP structure based on AIGaN materials is the 
large internal electric fields, which are introduced by polarization effects. Step 
quantum wells and barriers are used to cancel off electric fields, making "flat" 
quantum wells and barriers in terms of conduction band potential energy profile 
as shown in Figure 6.6. 
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Figure 6.6 - Conduction-band potential profiles and bound states of three 
different AIGaN-based QWIP structures under bias. The QWs structure consists 
of: (a) a single barrier and well; (b) a single barrier and a step well; (c) a step 
barrier and well. The vertical arrows correspond to ISB absorption and the 
vertical ones correspond to the escape of photoelectrons into the continuum 
[Sudradjat, 2012b]. 
Figure 6.6 (c) shows the final design of this structure with 5 Mls GaN and 
22 Mls A10.08Gao.92N for step wells and with 5 Mls Alo.1 6Ga0.a4N and 38 Mls 
A10_08Ga0.92N for step barriers. The QWs are sandwiched by the GaN template 
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and a 200 nm Alo.o8Gao.92N:Si cap layer with nominal carrier concentration 1 x 
1018 cm-3. In order to enhance ISB absorption, the GaN layers in step wells were 
designed to be doped with carrier concentration 6 x 1018 cm-3. 
6.3.2. Growth optimization of GaN/AIGaN structure for QWIP 
Mitsubishi GaN free-standing substrates were used in this study. AFM 
images show that the epi sides of substrates are well-polished with RMS 
roughness 0.155 nm in a 50 x 50 um scale. 
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Figure 6. 7 AFM image of Mitsubishi GaN substrates 
There are two AI effusion cells (AI bottom and AI top) in this Gen-II MBE 
system, allowing us to grow quantum structure with multiple AI composition 
layers. In order to calibrate these AI cells, an AIN calibration sample was grown 
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with AI bottom effusion cells as follows: The growth was initiated under Al-rich 
conditions with constant nitrogen plasma power and flow (i.e. constant flux of 
active nitrogen species). Gradually, the AI flux was decreased by ramping down 
the cell temperature. The stoichiometric flux of the Al-bottom cell could be 
determined by the transition of the RHEED patterns from streaky and dim to 
spotty with bright lines. The Al-top cell can't be used under high flux due to AI 
creeping inside the PBN crucible. Thus, we used 70% of the flux from the Al-
bottom cell and 30% of the flux from the AI-top cell. Therefore, the AI top effusion 
cell was calibrated to 30% of the stoichiometric flux. By using Arrhenius 
equations for extrapolating the temperature curve of AI flux measured by BFM, AI 
cell growth temperature could be determined for certain AIN mole fraction AIGaN 
layer. Also the carrier concentrations of three bulk GaN films grown with various 
Si cell temperatures were measured by Hall measurements. Si cell temperature 
was determined from extrapolation of Si cell temperature curve of carrier 
concentrations. 
There are multiple studies in the literature on the growth of GaN by plasma-
assisted MBE under Ga-rich conditions. One important conclusion is that GaN 
films grown with 2 ML Ga coverage in the growth front has smooth surface 
morphology without nanopipe defects (formed with <2ML Ga coverage and N-
rich) and Ga droplets (formed in excess Ga regime). At this growth regime, the 
2ML Ga coverage is under dynamic equilibrium and independent of impinging Ga 
flux. With increasing substrate temperature, this growth window expands as 
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Figure 6.8 - (a) Impinging Ga flux dependence of Ga surface coverage and 
desorption time in (0001) GaN growth at Tsub=722°C with constant N flux 
(0.23ML/s) (b) Impinging Ga flux dependence of Ga surface coverage with 
various substrate growth temperatures [KoblmOIIer, 2005]. 
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shown in Figure 6.8 (2). The QW active region and the Alo.oaGao_gzN:Si cap layer 
were grown under Ga-rich conditions without interruption. In AIGaN film growth 
by plasma-assisted MBE Ga-rich condition is also needed for making smooth 
surface with Ga acting as self-surfactant. With low AIN mole fraction in the 
structure, we are expecting the growth mechanism to be similar to GaN growth. 
One of the difficulties of controlling the growth conditions arise from the 
mounting of the 1 cm2 substrate on the substrate holder. The GaN substrates 
were loaded into the center opening of the PBN front plate and a Molybdenum 
spring back plate with 4 pins is supporting the backside of the substrate. Then 
two Mo snap rings were used to fix these two plates in place. Therefore the 
reproducibility of substrate temperature is affected by the change or degradation 
of the mechanical properties of these Mo parts at high temperatures 
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(Tsubstrate>700°C). In order to find the desired 2ML Ga coverage growth regime, 
during n-GaN regrowth at the beginning stage, Ga flux was tuned from high to 
low by its desorption time at growth interruptions. For Ga coverage at 2ML or 
less than 2ML, the desorption time should be only a few seconds. 
Figure 6.9 shows AFM images of samples grown with different Ga coverage. 
The film in Figure 6.9 (a) is smooth due to Ga-rich conditions but nanopipe 
defects were formed . This is similar to the typical GaN surface morphology under 
Ga coverage less than 2ML growth conditions. In Figure 6.9(c), very smooth 
surface as well as footprints of Ga droplets of 1 0-15um in size were formed with 
excess Ga coverage. For this sample, the Ga desorption time at growth 
interruptions were also longer than few seconds due toGa accumulation, 
typically in minutes depending on the growth periods. The optimum conditions 
were found with Ga flux adjusted below Ga-droplet forming regime. As shown in 
Figure 6.9 (b), smooth film without defects mentioned above were seen both in 
10 x 10 IJm and 50 x 50 IJm scales. It is clear that the growth is under step flow 
growth mode with macro steps (due to step bunching) length 580nm and height 
4.81nm. The tilt angle of the film is calculated to be 0.475°, close to the vicinal 
angle of GaN substrate (0.40° off angle towards (-11 00)). These are well-
replicated surfaces from GaN substrates with miscuts. Among these three 
samples, sample V2962 in figure 6.9 (b) was found with best device performance 
(described in the following section) , clearly indicating the importance of growth 
conditions. 
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Figure 6.9 AFM images of samples grown with different Ga coverage. (a) V2889 
(b) V2962 and (c) V291 0 
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6.3.3. Film and Device Characterization Results 
XRD measurements shown in Figure 6.10 were conducted to study the 
crystal structure of these devices. These measurements were done by my 
colleague Jeffrey Woodward. The average AI mole fraction for the MQWs 
structure is estimated to be 7.9% using GaN and SL0 peaks in XRD 8-28 scan 
and Vegard's law. Because of the low AI mole fraction in this material, the 
superlattice satellite peaks are much weaker than the main peak. 
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Figure 6.10 - On-axis 8-28 XRD scan of QWIP sample V2962 
The period of this superlattice is calculated to be 182.9 A, 3. 73% lower than 
the designed period due to cross section SEM measurement error in growth rate 
calibration. Whenever it is available, XRD scan of superlattice is preferred for 
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growth rate calibration for its direct correspondence between scan peak positions 
and physical dimensions without needs to consider image distortion and not well 
defined interfaces. 
Similar to device fabrication on QCL structures, 450 x 450 1-1m mesas with n 
metal contacts were produced by ICP etching, lithography and metal E-beam 
evaporation. To couple normally incident light for QW ISB transitions, mesa top 
contacts were made with grating pattern with 9- or 12- 1-1m period. Temperature 
depend 1-V measurements are shown in Figure 6.1 0. Non-linear 1-V and sharp 
turn-on at 20K indicates that the electron tunneling transport is at least one of the 
dominant mechanisms. 1-V showed linear behavior when temperature arises 
above 1 OOK, which can be explained by the escaping of thermalized electron 
from QWs. The similar behaviors for both forward bias and reverse bias may due 
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Figure 6.11 - 1-V characteristics of devices fabricated from sample V2962 with 
various temperatures 
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Figure 6.12- Bias voltage dependence of photocurrent measured at 20K for a 
device fabricated from sample V2962 
to current leakage caused by structure defects such as screw threading 
dislocations. 
The photocurrent measurements were done by using Bruker IFS 66s 
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Fourier transform infrared spectrometer (FTIR) with step-scan phase modulation , 
lock-in detection and a Globar as far-infrared light source. At 20K photocurrents 
increases as bias voltage increase for both forward and reverse directions. This 
is mainly because that the first excited states get more and more coupled into 
continuum with increasing bias voltage. However, the applied external electric 
field also reduces the spatial overlap between ground and excited states (i.e. ISB 
absorption decreases) and eventually leads to saturation of the photocurrents. 
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In the inlet graph of Figure 6.12, we showed the temperature dependence of the 
photocurrent. As temperature increase, the thermalized electrons no longer stay 
at the ground states, leading to the decrease of photocurrents. 
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Figure 6.13- Solid line: Photocurrent spectrum of a device fabricated from 
sample V2962 measured under bias +0.8 Vat 20K under applied, dashed line: 
Gaussian fit of the spectrum 
In Figure 6.13, the photocurrent spectrum was shown with bias +0.8V 
applied on the device at 20K. Using a Mylar beam splitter and DTGS pyroelectric 
detector, spectral response of the FTIP setup was found to have wider range 
(half of the peak values at 13 and 83 meV) than that of the device, so it is certain 
that the measured spectrum is from the device responsivity. The sharp cut off on 
the right side of the spectrum is due to GaN reststrahlen band (between hvT0=69 
meV and hvL0=92 meV). The responsivity spectrum peak was found to be at 54 
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meV by Gaussian fitting, very close to calculated ISB transition energy 49 meV. 
The small discrepancy of peak position might be results of layer thickness 
fluctuation in the active region. 
Compared to a calibrated Gentec THZ9B-MT pyroelectric detector, the 
reponsivity of this device is measured to be about 7 mAM/ at 20K, which is one 
order of magnitude lower than GaAs/GaAIAs based QWIPs operating for lower 
THz frequency radiation. It is not unexpected given the large spectrallinewidth 
which can be related to the structural imperfections. Overall, this GaN/AIGaN 
device performance can be further improved by the structural design and film 
quality. 
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